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GENERAL INTRODUCTION.
The subject under investigation in this thesis presupposes that 
transmission across junctional regions is by means of a chemical substance- 
a transmitter. The basic idea of chemical transmission, that a nerve 
impulse releases a chemical substance from nerve endings, is now more than 
fifty years old. In its genesis, proof and development many have been 
concerned, but the contributions of Elliott, Loewi and Dale have proved 
outstanding. It was Elliott (1904, 1905) who, struck by the resemblance 
between the effects of adrenaline and sympathetic nerve stimulation, 
suggested that nerve endings might liberate a chemical substance which 
'could act on a cell to modify its existing activity or start a new event'.
Sixteen years passed before Loewi (l92l) demonstrated that in at 
least one case - the effect of vagal nerve endings on the frog heart - 
nerve endings did act by releasing a chemical substance, later shown to be 
acetylcholine (ACh). A second example of chemical transmission followed, 
when stimulation of the orthosympathetic was shown to release an 
adrenaline - like substance and thus accelerate the heart (Cannon and 
Bacq, 1931; Cannon and Rosenblueth, 1933).
Dale and his colleagues extended the scope of chemical trans­
mission from the peripheral synapses of the sympathetic system, to the 
synapses of ganglion cells and the neuromuscular junction. Amongst their 
many stimulating contributions a few highlights may be mentioned. These 
include the first discovery of ACh in the animal body (Dale and Dudley, 
1929); the demonstration of ACh release in response to nerve stimulation 
from nerve endings in ganglia (Feldberg and Goddum, 1934) and at the
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neuromuscular junction (Dale, Feldberg and Vogt, 1936); and the mimicking 
of nerve stimulation by ACh injection (Brown, Dale and Feldberg, 1936).
There was however an inconsistency between the prolonged transmitter 
actions found at post ganglionic junctions and the very quick actions found 
at the neuromuscular junction and at ganglionic synapses. To explain this 
discrepancy Eccles (1936, 1937, 1944) suggested that at the latter junctions, 
the presynaptic action current was responsible for the initial brief 
excitatory action while ACh has responsible for the prolonged residual 
depolarisation.
Fresh light was thrown on this problem when it became possible 
to record extracellularly, the depolarisation of the post synaptic membrane 
evoked by transmitter action. Found first at the neuromuscular junction 
(Gopfert and Schaefer, 1938), and later in sympathetic ganglia (Eccles, 1943), 
this depolarisation - the synaptic, or at the neuromuscular junction the
endplate potential - provides a convenient index of transmitter action under
of
various circumstances. Thus it has been used in the study^the time 
relationship of pre and post synaptic electoral events (huffier, 1949) and 
to examine the effect on transmitter action of such factors as repetitive 
activation (Feng, 1940, 1941; Liley and North, 1953; Lundberg and 
Quilisch, 1953a) calcium (del Castillo and Stark, 1952), magnesium (Feng,
1940, 1941; del Castillo and Engbaek, 1954), and drugs e.g. anticholinesterases 
(Eccles and MacFarlane, 1949)* With the further refinement provided by 
intracellular recording it was possible to show that, at the neuromuscular 
junction, the presynaptic action current could not account quantitatively 
for the large depolarisation produced by transmitter action (Fatt and 
Katz, 1951)* The chemical hypothesis remained as the only possible
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explanation of the endplate potential and of the vast amount of 
pharmacological data, accumulated during the study of transmission at this 
and other peripheral junctions.
Although enthusiastic protagonists of chemical transmission early 
suggested that this process was not confined to peripheral synapses but 
extended to the central nervous system (Dale, 1935), decisive evidence 
for this possibility was lacking until Eccles ancjhis collaborators were 
able to record intracellularly from motoneurones (Brock, Coombs and 
Eccles, 1952). Soon afterward the first well-proven example of chemical 
transmission at a central synapse was found, with the demonstration of 
ACh as the transmitter at the synapse between between motoneurone axon 
collaterals and Renshaw cells (Eccles e-\fal, 1954, 1956).
Increasing acceptance of the existence of chemical transmission at 
all vertebrate synapses can be traced in the reviews and monographs of 
Fessard and Postemak, 1950; Eccles, 1953, 1957; Fatt, 1954; Minz, 1955 
and Shanes, 1958. This triumphant progress has however, been qualified by 
the finding that, at least in invertebrate species, other methods of 
transmission across synapses exist e.g. electrical(Furshpan and Potter, 
1959)« Another disappointment has been the slow development of knowledge 
of the identity of chemical transmitter substances. The list remains at 
two - acetylcholine and 1 - nor adrenaline (Von Euler, 1959)» Except 
for certain Renshaw cell synapses, no certain transmitter substances have 
been found for the vast multitude of central nervous system synapses.
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Despite this surprising lack of information about the nature of 
the chemical transmitter at many junctions, the electron microscope has 
revealed that at this level of magnification a uniform morphological 
pattern exists for all synapses at which chemical transmission is probable. 
This pattern is formed firstly by the well defined pre and post synaptic 
membranes separated by a 200 A° cleft. The characteristic feature however, 
is the presence of vesicles, varying between 200 and 500 A° at different 
junctions but more uniform in diameter at any one junction, and clustered 
close to the presynaptic membrane (Palade, 1954; Palay, 1954, 1956, 1958, 
de Robertis and Bennett, 1955; Robertson, 1956; Reger, 1958; de Harven and 
Coeurs, 1959)»Longitudinal sections of neuromuscular junctions in frogs 
and mice, show aggregations of vesicles concentrated in well defined areas 
close to the presynaptic membrane, each directly opposite a post synaptic 
fold. Behind the vesicles lie many mitochondria, some of which resemble 
aggregations of vesicles, suggesting that the vesicles are formed by 
specialised mitochondria (Andersson-Cedergren, 1959, Birks, Huxley and 
Katz, I960).
Application of a new technique to the morphology of junctional 
regions has been matched by the application of the similarly powerful 
technique of intracellular recording to the study of their function.
One of the most important discoveries made with intracellular recording has 
been the detection, at many junctions, of the spontaneous release of 
transmitter. Thus in twitch muscle fibres of the frog (Fatt and Katz, 1952), 
cat (Boyd and Martin, 1956a), rat (Liley, 1956a), guineapig (Brooks, 1956), 
fish (Takeuchi, 1959), and fowl (Ginsborg, I960) and also in slow muscle
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fibres of the frog (Burke, 1957), smooth muscle of the guineapig (Burnstock 
and Holman, I960), and in crayfish muscles (Dudel and Orkand, I960), 
spontaneous potentials were found by intracellular recording at junctional 
regions.
Pharmacological and other studies have shown that at vertebrate 
striated muscle junctions these potentials are produced by random liberation 
of the same transmitter (ACh), that is liberated by nerve impulses. Further, 
the amount of ACh, (some 3000 molecules) represented by one of these miniature 
endplate potentials (miniature potentials) is the basic and indivisible unit 
or quantum of transmitter release. Spontaneous release and release by 
nerve impulses differ only in that the nerve impulse causes simultaneous 
release of some hundred quanta which otherwise would be released individually 
at random intervals (Fatt and Katz, 1952; Boyd and Martin, 1956b; Liley, 
1956b).
A remarkable addition to this quantal theory has come from the 
discovery that factors affecting transmitter release either change the number 
of quanta released e.g., calcium, magnesium, botulinum toxin (Brooks, 1956), 
glucose (Liley, 1956d), depolarisation of nerve terminals (Del Castillo and 
Katz, 1954d; Liley, 1956c) hyperpolarization (Liley, 1956c), stretch (Hutter 
and Trautwein, 1956), or modify the post-synaptic response to the transmitter, 
e.g. curare, prostigmine. No agent has yet been discovered which will 
alter the size of a quantum of transmitter. Even the difference between 
the amplitude of miniature potentials at different junctions is entirely 
explicable by the variation in diameter and thus electrical properties of 
different muscle fibres (Katz and Thesleff, 1957a).
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Although these investigations were all carried out at junctions 
where ACh is the transmitter, quantal release is not a peculiarity of ACh 
transmitting junctions. At smooth muscle junctions the transmitter is 
1-nor-adrenaline, and at crayfish muscle junctions the transmitter is 
unknown, but in both cases miniature potentials are found and quantal release 
of transmitter seems probable (Burnstock and Holman, I960; Dudel and 
Orkand, I960).
It was not long before the findings of electron-microscopy and 
intracellular recording were harmonised by the suggestion that the quantal 
units of transmitter were in fact contained in the small vesicles found 
close to the presynaptic nerve terminals (del Castillo and Katz, 1955 ; 
Robertson, 1956). De Robertis has endeavoured, with some success, to 
establish this identity by examining vesicle changes in nerve endings 
with the electron microscope after procedures such as stimulation, degeneration, 
and in th^retina, dark adaption (de Robertis, 1955? de Robertis and 
Franchi, 1956; de Robertis and Ferreira, 1957). Attempts to observe 
vesicles in the process of discharge by nerve impulses, however, seem 
destined to failure, for the small number of units discharged by an impulse 
and the comparatively large area of the presynaptic nerve terminals, must 
mean that the chances of finding a discharging vesicle in any electron 
microscope section are very small (Birks, Huxley and Katz, I960).
A junctional region at which liberation of transmitter is known 
not only to be quantal, but also to have some known anatomical substrate, 
provides particular advantages in the understanding of the mode of action 
of factors influencing transmitter release. Only a neuromuscular junction
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satisfies these criteria and also permits, in in vitro preparations, the 
easy alteration of the external environment. For these reasons the rat 
diaphragm muscle, in vitro, has been the preparation of choice in this 
investigation.
Factors influencing the release of transmitter at junctional 
regions are many. The factors chosen for investigation in the present study, 
repetitive stimulation and the effect of calcium and magnesium, are particularly 
interesting in two respects. The first is the discrepancy thought to exist 
between the effect of these factors on the spontaneous release of transmitter 
and their effect on the release of transmitter by nerve impulses. It was 
felt that investigation of these discrepancies might be particularly fruitful 
in throwing light on the detailed mechanism of transmitter release. Secondly, 
these factors affect transmitter release at all junctions at which it has 
been possible to examine their effects. For example, the potentiation of 
response which follows repetitive stimulation can be demonstrated at all 
junctions (Eccles, 1957). Again, magnesium is an anaesthetic for 
invertebrates and vertebrates (Heilbrunn, 1952), and while there is no doubt 
that the action of magnesium is complex, it is equally certain that a large 
part of this action is exerted at junctional regions (Engbaek, 1952).
Similarly calcium has a wide variety of actions, but its universal^ of the 
anaesthetic action of magnesium (Heilbrunn, 1952), as well as its influence 
on transmitter output at neuromuscular and ganglionic synapses (del Castillo 
and Stark, 1952, Hutter and Kostial, 1954) indicate an important action on
transmitter release at junctional regions in many species.
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It is hoped for several reasons that the broad details of 
operation gleaned from the study of junctional regions in one species will 
be applicable to synapses in many other species. There is firstly the 
similarity of response of synapses in many diverse species when subjected 
to the same influences and secondly the almost uniform morphology of 
chemically transmitting synapses when examined under the great magnification 
provided by the electron microscope.
Throughout this thesis therefore, the results obtained have been 
compared, wherever possible, with those found at synapses in other and 
often diverse species.
The plan of investigation adopted in Part I of this thesis was to 
compare the effect of repetitive stimulation on junctions blocked with two 
contrasting agents, curare and magnesium. By this means it was possible to 
assess the relative importance of pre-and post-synaptic factors in 
transmitter release. In the magnesium-blocked preparation miniature 
potentials could also be recorded together with endplate potentials (e.p.p.s). 
A wide range of frequencies and durations of stimulations were used and 
in the magnesium-treated preparation the facilitation of transmitter 
release was subjected to the statistical analysis employed by Castillo and 
Katz (1954c).
In Part II of this thesis the results of an investigation into the 
effects of magnesium and calcium on miniature potential frequency are 
presented. Based on these results, a unifying hypothesis for the action 
of many factors on transmitter release is proposed.
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ABBREVIATIONS.
Throughout this study the following conventional 
used
endplate potential 
acetylcholine
postactivation potentiation 
miniature endplate potential
abbreviations have been
e.p.p.
ACh.
P.A.P.
miniature potential.
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METHODS
A. Tissues.
All experiments were performed in vitro, using the rat diaphragm- 
phrenic nerve preparation (Bulbring, 1946). The animals were male and 
female albinos of the Wistar strain weighing between 180 and 220 grams.
The left hemidiaphragm and intrathoracic portion of the left phrenic nerve 
were removed under ether anaesthesia. The muscle was then trimmed to a 
roughly rectangular band formed by the left posterior quarter diaphragm 
with its attached nerve.
B. Recording chamber.
The preparation was mounted in a perspex chamber of two compartments 
separated by a removable partition. One compartment contained the muscle, 
resting on a perspex platform and fixed by pins through its rib and 
tendinous attachments, to strips of balsa wood. The nerve passed to the 
adjoining compartment through a groove (sealed with silicone grease) under 
the partition. Here it lay on a pair of platinum stimulating electrodes 
submerged in a pool of paraffin (Fig I.). The whole chamber was partially 
inset in a perspex slab which formed the roof of an electrically heated 
waterbath.
C. Solutions
The basic solution for all experiments was that described by Liley
(l956a). Its composition is given in Table I. When bubbled with 95(/>
O  and 5$ CO^ (Carbogen) this solution has a pH of 7.3 - 7.4 at 37°C.
Only Analar quality chemicals were used in its preparation.
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From the litre aspirating bottle in which it was vigorously- 
bubbled with "Carbogen" the solution flowed by gravity, through a drip 
counter and heating coils in the water bath, to the muscle chamber. A 
fine pointed glass sucker connected to a Venturi pump drew the fluid across 
the preparation into a collecting flask, from whence it could be removed, 
filtered and recirculated.
Changes in flow rate from 0-45 ml a minute were possible by 
suitable adjustment of a clamp on the tubing above the drip counter. When 
different solutions were compared, an arrangement of two-way stopcocks 
permitted a choice between three possible reservoirs feeding into the 
system.
At the usual flow rate (250 - 500 ml/hr) the temperature in the
muscle chamber was 37 - 38°C. A thermometer (0 - 50°C). in a side compartment
of the chamber monitored the temperature in all experiments. When higher
flow rates were used to produce rapid changes of the bathing solution, the
fluid in the reservoir was also heated to about 40°C. A range of
o otemperatures between 30 - 40 C could be maintained accurately to within
o0.5 C by variation of the temperature of the water bath and of the reservoir 
of solution.
D. Alterations in solutions.
Part I. In some experiments (Section (ii))solutions were made containing 
sufficient MgCl^ to block neuromuscular transmission. The resultant small 
increase in ionic strength of the solution was disregarded as no comparisons
of solutions were made in this part of the investigation.
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Part II. Solutions were made in which the concentrations of KC1, MgCl^,
and CaCl^ varied between 0 and 15 mM. When the calcium concentration of
the fluid was raised above 10 m-mole/l it was necessary to omit the
NaHJPO, and to reduce the NaHC0„ concentration in order to keep the calcium2 4 3
in solution.
In these experiments, added MgCl^, CaCl0, SrCl? and BaCl^, were 
osmotically compensated for, by withdrawal of appropriate amounts of 
NaCl (Heilbrunn, 1952). Compensation was made for added KC1 by removal of 
equi-molar amounts of NaCl. The freezing point depressions of the altered 
solutions were within 1°/o of the control solutions.
The pH of the solution was altered in some experiments by variation 
in the amount of added NaHCO^. In three experiments an alkaline pH was 
required outside the range of a bicarbonate - CO^ buffer. Tris (hydroxy­
methyl) amino methane was used to give a final pH of 8.6 at 37°C. At this 
pH, to keep 10 mM CaCl0 from precipitating it was necessary to omit both 
the NaHCO^ and NaH^PO^ from the solution. When pH alterations were made, 
the final pH of the solution, bubbled with "Carbogen" at 37°C, was measured 
with a pH electrometer.
E. Drugs.
Drugs used were;
d-tubocurarine chloride (Burroughs Welcome) 
the sodium salt of ethylene diamine tetracetic acid 
(Elliotts and Australian Drug Pty Ltd)
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Concentrations are expressed throughout this thesis in terms of 
molar strength in the final solution.
F. Recording Technique.
Conventional intracellular recording was used in most experiments 
(Ling and Gerard, 1949» Nastuk and Hodgkin, 1950). Using the apparatus 
and technique described by Winsbury (1956) the microelectrodes were pulled 
from pyrex glass and filled with 3 M KC1 under reduced pressure. They had 
a resistance of 5 - 20 megohms and tip diameters of less than lfi . 8y means 
of a saline bridge and silver chloride - silver junction the electrodes 
were connected to the grid of a cathode - follower valve. Signals were 
amplified by a capacitively coupled amplifier, displayed on a C.R.O. screen, 
and also fed into a loudspeaker. Resting potentials were recorded with a 
millivoltmeter which could be read accurately to 0.5 mV.
For recording the frequency of miniature potentials in some experiments 
(Part II), a capacitively coupled amplifier with a variable time constant 
(50 msec - 0.2 msec) was used and its output fed into a dekatron scaler 
(isotope Development Ltd.), in addition to being displayed on the C.R.O. 
screen.
In a few experiments endplate potentials were recorded from the 
surface of the preparation with fine platinum electrodes connected to a
compacatively coupled amplifier.
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The indffferent electrode in all experiments was a silver - silver 
chloride spiral connected to the solution bathing the preparation by an 
agar-saline column. Balancing potentials were applied across a 50 ohm 
resistance in series with the indifferent electrode.
G. Stimulation.
Stimuli were condenser discharges. The nerve threshold was checked 
repeatedly during an experiment, and stimuli kept supramaximal. All stimuli 
of a tetanic train were equal in strength. Tetanic frequencies from 0.1 to 
1000/sec were available. It was possible to make the tetanic stimuli 
trigger the sweep of the CRO tube, individual responses then appearing 
successively at the same point on the screen.
H. Location of Endplates.
A micromanipulator of the type described by Eccles, Fatt, Landgren 
and Winsbury (1954), was used to insert microelectrodes vertically, with the 
aid of a binocular dissecting microscope.
In this preparation anatomical and physiological studies (Hadju and 
Knox, 1950; Liley, 1956a,d) have shown that the endplates are clustered 
about the apparent terminations of the fine intramuscular nerve branches.
These branches were made prominent by transillumination through the supporting 
Perspex stage and microelectrodes inserted close to them. Spontaneous 
miniature potentials were usually found at the first trial. Further endplates 
could now be found by small movements (50^a or less) up or down the nerve 
branch, while a given endplate could often be located more precisely by
small lateral movements.
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I. Instrumental Noise and Artefacts.
Instrumental noise was not important in this investigation except 
when using the dekatron scaler for measuring miniature frequency. The 
baseline noise level was usually less than 50 y. V and a filter normally set 
at 30 Kc/sec was used to suppress high frequency components. The scaler 
was used with discriminator bias sufficient to exclude baseline noise, the 
level varying from experiment to experiment.
Artefacts could be divided into intermittent, monophasic, and 
oscillatory. The intermittent monophasic type were important in that at slow 
sweep speeds they coulc^e confused with miniature potentials, and would of 
course be counted by the scaler. Their individual characteristics e.g. 
the slower time course of the mechanical types however, permitted them to 
be fairly readily distinguished, and appropriate measures, depending on 
their cause, taken for their suppression. Causes could be divided into
(i) electrical,
e.g. failing of the probe valve or of the probe valve
H.T. supply,
(ii) mechanical,
e.g. fluid disturbance in the bath by bubbles or the sucker.
Oscillatory phenomena, while not infrequent, were of lesser import­
ance and never so severe as to interfere with measurement of amplitudes, 
which was done as far as possible with records taken at high sweep speeds.
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Electrode characteristics were of major importance in determining 
baseline noise level, and oscillatory artefacts. With the high amplification 
necessary for the scaler, even smaller baseline noise than that normally 
accepted was desirable. It was often found that a relatively 'quiet' but 
still effective electrode could be produced by rapid back and forth scraping 
of the tip across the surface of the preparation, presumably thus breaking 
back the glass, to give an electrode with lower resistance but still 
penetrating tip.
J. Experimental procedures.
Part I: after repetitive activation.
Endplate potentials: The post-activation effects are so short after a
tetanus of fewer than a 100 volleys, that there is time to elicit only one 
test response per tetanus. The test response was therefore kept at a constant 
position on the C.R.O. screen and put on an extended sweep. After several 
control responses (5-10 in curarised, 10-15 in the magnesium treated) had 
been obtained, the conditioning tetanus was applied at a known interval 
before the test stimulus. In curarised preparations three responses were 
obtained at each interval but in magnesium treated preparations, 10-15 were 
necessary because of the variability of response. The procedure was repeated 
for as many intervals as required, further control responses being obtained 
after the examination of every 5-10 intervals.
Miniature Potentials: The accelerating effect on miniature potential frequency,
of fewer than 20 impulses, at even a high frequency, is small. It was 
assessed by using a one second sweep and counting miniature potentials for 
500 msec before and after the 1-20 conditioning volleys. The 500 msec post
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tetanic period was divided into 10 msec intervals for counting purposes.
From the totals of 100 - 200 sweeps an estimate could he made of the 
increased probability of miniature potentials at varying intervals after 
stimulation.
To assess the effects of longer stimulation it was sufficient to 
measure miniature potential frequency over some 60 seconds before stimulation 
and thereafter as required. In magnesium poisoned muscles there is no 
interaction between successive endplate potentials at intervals greater than 
200 milliseconds. It was thus possible to follow endplate responses and 
miniature potential frequency in the same muscle fibre, the successive sweeps 
being of one second duration, with a one millisecond fly-back time.
In curarised preparations there is unfortunately interaction 
between successive endplate potentials at all intervals less than 10 seconds 
(Eccles, Katz and Kuffler, 1941; Liley and North, 1953). When at least 
20-40 responses are wanted from an impaled muscle fibre, a ten second wait 
between each is impracticable particularly as there is commonly a slow fall 
in resting potential and thus endplate potential size (Fatt and Katz, 1951). 
The difficulty was minimised by using a five second delay - at which time 
the endplate potential is 90-100^ of full size. If care is taken to elicit 
a response every five seconds without a break, the response size is kept at 
a well maintained plateau.
During repetitive stimulation.
The size of the endplat^potentials during the plateau phase of a 
tetanus was initially obtained directly by turning the camera on its side, 
stopping the sweep and by using moving film to secure a direct image of
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the successive responses. The same results were later obtained more 
elegantly, by superposition of faint traces of the successive responses, 
the plateau height thus appearing as a sharply demarcated trace. At slow 
frequencies 5-10 responses were superimposed, but at higher frequencies many 
more than this.
Miniature potentials were counted directly from suitable records.
Due to superposition of endplate potentials and miniature potentials the 
values for miniature frequency obtained in this way are underestimated.
The quantal basis of facilitation.
During the assessment of failures to respond (Section it ), care was 
taken to avoid miniature potentials being mistaken for the single quantal 
e.p.p.s. The precautions taken were to use a very fast sweep, paying careful 
attention to the latency of the response from the well marked shock artefact, 
and also to choose fibres with low spontaneous miniature potential frequencies. 
Under these conditions, the chance of a miniature potential being mistaken 
for a small e.p.p. was negligible (Castillo and Katz, 1954b).
PART II. The effect of calcium and magnesium on spontaneous transmitter 
release.
The effect of magnesium was measured by comparing the frequency of 
miniature potentials in the same muscle fibre before and after the muscle 
had been bathed in a magnesium-rich solution, ancj^gain after the magnesium 
had been washed out. The control solutions contained no magnesium in 
contrast with the controls used previously by Boyd and Martin (1956a). A 
similar procedure was used to assess the effect of strontium and barium.
When measuring the effect of calcium the reverse procedure was employed, the
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sequence being solution with added calcium, solution without calcium, 
solution with added calcium. It was found that the preparation survived 
for a longer time, and in better condition when kept for two-thirds of the 
experiment in a calcium containing medium. If the solution to be washed out 
contained 10 m-mole/l or more of calcium, the sodium salt of ethylene 
diamine tetracetic acid (E.D.T.A.) was added to the calcium-free solution 
(in a 1 mM concentration). By this means the removal of calcium was 
completed in under fifteen minutes, which was about half the time required 
in the absence of E.D.T.A.
In each preparation the experimental sequence was followed at 
9-16 neuromuscular junctions. Often several trials were made at each 
junction.
K. Measurement of Frequencies and Amplitudes
Photographic records were made with a Grass camera. Records were 
magnified (X 8-10) by a Leitz enlarger for measurement of amplitudes.
Particular care was taken in the location of microelectrodes so as 
to record endplate potentials and miniature potentials of maximum size and 
fastest time course. This was especially important using the scaler as a 
good margin between baseline noise and top of miniature potentials was 
desirable for reliable counting. When magnesium was the added cation, the 
consequent diminution in potential size (Castillo and Katz, 1954a; Boyd and 
Martin, 1956a) made it essential to obtain large potentials initially.
i) Measurement of Amplitudes.
Endplate and miniature potential amplitudes were measured from the 
middle of the baseline to the middle of the top of the trace. A fast sweep
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(often expanded), was used in all cases. Anticholinesterases were not used 
to enlarge potentials in view of the small e.p.p.s (6-8mv) required to set 
up propagated responses (Lundberg and Quilisch, 1953a; Liley 1956a).
ii) Measurement of miniature potential frequencies.
When the effects of repetitive activation were studied, miniature
potential frequencies were measured by counting from film usually with some
form of magnification. Ionic effects on miniature potential frequency were
initially also followed in this way. Later a more convenient method of 
measuring miniature potential frequencies was devised. After amplification
the potentials were fed into a dekatron scaler using suitable cut-off bias to
exclude baseline noise. Special care was taken to avoid artefacts and keep
baseline noise levels low. Frequencies were normally counted over 100
second periods, but in solutions in which the potassium concentration was
10 m-mole/l or more the miniature frequency in the presence of calcium was
so high that 40-second or even 10-second counting periods gave satisfactory
results. It was possible by this method to assess accurately when changes
in frequency were fully established. A further advantage was that results
were immediately available. In some experiments a photographic record was
also made of the miniature potentials. The results agreed well with those
obtained from the scaler.
L. Statistics.
Comparisons were always made in the order control - test - control.
In a few experiments muscle fibres were selected at random for each treatment.
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This was done by dividing the diaphragm into strips using vascular and 
neural landmarks, and then with a table of random numbers, selecting the 
strip to be explored at each stage. This method is the only one suitable 
for assessing effects caused by prolonged exposure to various agents. While 
generally satisfactory, the samples at each stage were perforce small and 
the possible variations in state of the different parts of the diaphragm many. 
Undoubtedly different parts of the preparation are under differing tensions, 
fibres are at different dctpths in the muscle, the aeration of some parts 
being better than others, the fibres nearer the cut end of the nerve generally 
survive longer than those sited more distally, edges of the preparation are 
unavoidably damaged in the dissection, etc.
In view of these real differences it was felt that samples with 
smaller variance would be obtained by carrying out the sequence, control - 
test - control on individual fibres, as other workers in this field have 
done (Castillo and Katz, 1954a; Boyd and Martin, 1956a). This paired method 
gave readily reproducible results with the expected small variance and 
was therefore extensively used (Part II - this thesis).
PAKT I.
REPETITIVE ACTIVATION 
GENERAL INTRODUCTION.
This part of the present investigation is based on three assumptions.
These are :-
(1) . The magnitude of the intracellularly recorded e.p.p. or miniature 
potential indicates the amount of transmitter released, either by a nerve 
impulse or spontaneously (c.f. Fatt & Katz, 1951; Eccles, 1957; Curtis 
and Eccles, 1959; Takeuchi and Takeuchi, 1959» I960).
(2) . Blockage of junctional transmission by curare is an entirely post- 
synaptic action, the amount of ACh released, either by a nerve impulse of 
spontaneously, being unaffected (Dale, Feldberg and Vogt, 1936; Brown and 
Feldberg, 1936; Emmelin and Muren, lOS'O; Altamirano e^ fel, 1955; del Castillo 
and Katz, 1957a; Chagas, 1959).
(3) . Magnesium in concentrations adequate to block neuromuscular trans­
mission acts largely by reducing the amount of ACh released from the 
presynaptic terminals (del Castillo and Engbaek, 1954). There is also a 
postsynaptic loss of sensitivity to ACh but this action is small compared 
with the presynaptic action on ACh release (del Castillo and Katz, 1954a»
Boyd and Martin, 1956a, b).
Assumption (l) must be qualified by the admission that there is now good 
evidence that repetitive activity may depress the post-synaptic response to 
a given quantity of transmitter, so that the e.p.p. is no longer an accurate 
index of the amount of transmitter released by a nerve impulse (Thesleff,1959)•
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Older investigations have shown that repetitive stimulation does not increase 
the post-synaptic response to injected ACh at the neuromuscular junction 
(Hutter, 1952) or the ganglionic synapse (Larrabee and Bronk, 1947). At 
these junctions, therefore, any potentiation of response must be of 
presynaptic origin.
More recently it has been found that ACh applied ionophoretically 
or just added to the bathing solution, can cause endplate receptors to 
become insensitive to further ACh, the effect varying in magnitude with the 
dose of ACh, and the time it is allowed to remain in contact with the 
receptors (Fatt, 1950; Thesleff, 1955a,b; Katz and Thesleff, 1957b). Recently 
(Thesleff, 1959) it has been shown that in the rat diaphragm the e.p.p^sset 
up by repetitive nerve impulses at frequencies as low as 40/second can 
similarly cause the endplate receptors to become insensitive to 
ionophoretically applied ACh. The possibility thus arises that a state of 
receptor desensitisation can arise during repetitive stimulation and persist 
for some time thereafter.
Otsuka and Endo (i960) however, using a curarised frog neuromuscular 
junction were unable to confirm Thesleff's (1959) results. In their 
experiments, after 10 volleys at 50/sec. the e.p.p. response was depressed 
for the following 11 seconds, while the response to ACh ionophoretically 
applied, was unchanged. There is, of course, marked species variation in 
the desensitising effects of ionophoretically applied ACh (Axelsson and 
Thesleff, 1958), and Thesleff also found marked species variation in the 
desensitising effects of nerve volleys (personal communication to 0. Oscarsson).
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It is further not improbable that the site of action of the two forms of 
ACh application is often different. If the micropipette is not accurately- 
applied to the endplate, the ionophoretically applied ACh may act largely 
on the more peripheral endplate receptors described by Miledi (i960), which 
of course have not been affected by the ACh released by the nerve stimulus. 
Again in Thesleff's (1959) experiments, the endplate potentials used to 
condition the ionophoretically applied ACh, were deliberately large (5-15 mv). 
This effect was secured by paralysing his rat diaphragm preparation with 
twice the normal quantity of NaCl in the bathing solution. It is thus 
possible that Hutter (1952) and Otsuka and Endo (i960) found no alteration 
in resonse to applied ACh because the curarised e.p.p. in their experiments 
were much smaller, i.e. because there was much less ACh combined with receptor 
sites.
In the present investigation the levels of curare and magnesium used 
to block neuromuscular transmission were such that the e.p.p.’s recorded 
were also small (2-3 mv), so that desensitisation should not have had a large 
effect on the postsynaptic responses. The extent of this effect will be 
further considered when the response to stimulation of the curarised and 
magnesium-blocked preparations is compared (Part 1, iii).
Assumption (2) has recently been attacked by Riker et al (1959) who 
suggest that curare acts presynaptically, by diminishing a postulated local 
presynaptic potential. There is at present no direct experimental evidence 
for the existence of such a potential. Moreover, the enormous wealth of 
evidence on the action of ACh and curare (e.g. del Castillo & Katz, 1957 a,b) 
cannot be reconciled with such a concept. It may, therefore, be concluded
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that the action of curare is postsynaptic, so that in the curarised preparation 
the e.p.p. is an index, on a reduced scale, of the amount of ACh normally- 
released by a nerve impulse.
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SECTION (i). Transmitter release during repetitive stimulation at the 
neuromuscular .junction.
INTRODUCTION.
This section is presented in the belief that the post-tetanic 
changes in transmitter output to be described in later sections (ii, iii) 
have their genesis in the changes in transmitter output which occur during 
repetitive stimulation. The use of curarised and magnesium-blocked 
preparations to examine these changes reveals two apprently differing 
patterns of response.
Using e.p.p. magnitude as a guide to transmitter output, it has 
been found that at magnesium-treated junctions, output increases rapidly 
with repetitive stimulation to reach a slowly incrementing plateau which is 
still rising after more than 40 impulses at 100/sec (Feng, 1941; Castillo 
and Katz, 1954b; Liley, 1956b).
In contrast, at curarised junctions, there is an exponential 
decline in response with the first few impulses at a given frequency of 
stimulation, a slowly declining plateau of response being thereafter attained 
(Liley and North 1953)* There is good evidence (Thesleff, 1959) that this 
continuous slow decline is due to postsynaptic inactivation of transmitter 
receptors, so that after relatively few impulses the actual transmitter 
output per impulse may be assumed to reach a constant level for any given 
frequency. Similarly, at the magnesium-treated junction, although 
incrementing of responses occurs for some considerable time after
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Stimulation begins, the rate of increase after the first 5-10 impulses 
is small at least for frequencies below 160/sec. (Section ii - this thesis).
In the present investigation this plateau of response after a small 
number of impulses provided an opportunity to obtain an indication of 
transmitter output per impulse and per second in relation to frequency of 
stimulation. Changes in the spontaneous release of transmitter during 
repetitive stimulation were also examined.
RESULTS.
In the magnesium-treated preparation, transmitter output per impulse 
was unchanged for frequencies of stimulation from 0.1-10/sec. Over the 
same range in the curarised preparation there was a progressive decline in 
output per impulse with frequency, output at 10/sec being only about 40$ of 
that at O.l/sec (Figs. 2, 5).
At frequencies above 10-12.5/sec in the^nagnesium treated preparation, 
output per impulse increased almost linearly with frequency to reach a 
maximum at 160-200,/sec. This levd. of transmitter output per impulse was 
some 6-2 times greater than the output at 10/sec. At still higher frequencies 
there was a slight decline in output per impulse. At curarised junctions 
output per impulse was almost constant over the same range which was 
facilitatory at the magnesium treated junction, i.e. from 10-160/sec. At 
frequencies of stimulation above 160/sec output per impulse declined further 
(Figs 2,5).
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At some curarised junctions output per impulse was constant over the 
range 0.1-0.5/sec. This may be correlated with the variation of 2 to 10 
seconds found in the time for a testing response to reach control size after 
one conditioning stimulus (Section (iii) - this thesis).
Identical results to those illustrated for a magnesium-treated junction 
were obtained at a curarised junction, when the calcium concentration of the 
bathing medium was reduced to 0.5 m-moles/l from the usual 2 m-moles/l 
(Pig 2).
Despite the apparent contrast between magnesium-treated and curarised 
junctions it can be shown that, in both cases, the rate of output of 
transmitter is increasing with increasing frequencies of stimulation. An 
index of the rate of transmitter output can be obtained by multiplying the 
average endplate potential size (mV) found during the plateau stage of a 
tetanus, by the frequency of stimulation (Fig. 4).
In /the magnesium-treated preparation, output is of course small 
initially, but rapidly increases as the frequency of stimulation is raised.
Over the range of frequencies explored (0.1-400/sec) output per second was 
linearly related to frequency of stimulation. The relatively much larger 
initial output of the curarised preparation also increases, but at a slower 
rate, until in the range 100-125/sec. output per second is the same for 
both preparations. At the particular junction illustrated, the rate of 
transmitter liberation was thereafter constant being then presumably at the
maximum possible level.
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Parallel with this increasing rate of transmitter output in response 
to nerve impulses, there is an acceleration of spontaneous miniature 
frequency (Fig. 5). Like the increases in e.p.p. amplitude following 
repetitive stimulation in the magnesium-treated preparation, the frequency 
increases rapidly in the first few seconds of the tetanus, to reach a more 
slowly rising plateau, the final frequency attained being higher as the 
tetanus lengthened. After the tetanus, the miniature potential frequency 
remained at the final tetanic value for one or two seconds, or in some cases 
even rose above the final tetanic value, as if the acceleratory process 
continued for a short time after stimulation ceased. Following this transient 
phase a decline of frequency to resting levels occurred.
DISCUSSION.
Three facets of these results will be discussed; their bearing on 
the effect of repetitive activity on transmitter release, their relation to 
the changes in transmitter output during comparable stimulation at other 
junctions and their functional importance.
It is known that presynaptic terminals at junctional regions contain 
enormous numbers of vesicles, e.g. in the frog there are about three million 
per terminal (Birks, Huxley and Katz, i960). Of this large number however, 
very few can be liberated by a given nerve impulse (Perry, 1953; Martin, 1955). 
This small fraction, the available transmitter, presumably consists of the 
vesicles immediately adjacent to the presynaptic membrance (Curtis and Eccles, 
I960). It further appears that a given size of nerve impulse liberates a 
constant fraction of this available transmitter (Perry, 1953; Liley and
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North, 1953)»
During repetitive stimulation a vast increase in transmitter output 
takes place, e.g. in the present investigation, at a curarised junction, the 
maximum rate of output per second was about 500 times greater than the rate 
at O.l/sec stimulation (Fig. 4 ). This must imply a similar vast increase 
in the rate of replacement of available transmitter, i.e, in the migration 
of vesicles from relatively distant regions to the regions of release in 
the presynaptic membrane. Eccles (1957) has suggested that as well as 
causing liberation of transmitter, the nerve impulse brings about this 
increased rate of migration. This process he has termed "mobilisation" of 
transmitter. Thus, after a few impulses at any given frequency, the amount 
of available transmitter reaches a level at which depletion by nerve impulses 
is balanced by replacement processes. The results of the present investigation 
suggest that the rapid replacement of vesicles i.e. mobilisation (Eccles,
1957; Curtis and Eccles, I960), is detectable only at stimulus frequencies 
of 10/sec or more and is increasingly effective as the frequency of 
stimulation is raised from this level.
This conclusion is based firstly on the response of the magnesium- 
treated neuromuscular junction. Here output (l-2 quanta per second) is 
small in relation to the store of available transmitter (some 400 quanta 
according to Martin, 1955) yet the output per impulse is unchanged until 
the frequency of stimulation reaches 10 to 12.5/sec. Between 10/sec and 
160/sec output per impulse increased linearLwith frequency (Fig. 3*)
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This must mean that over this range mobilisation has overcompensated for 
depletion, i.e. that the amount of available transmitter has increased.
Again, the curarised junction shows the same discontinuity in output 
per impulse at a frequency of 10/sec (Fig. 3»)* Below this frequency of 
stimulation, output/impulse falls at an increasing rate as stimulus 
frequency rises, above this level output/impulse is almost constant up to 
a frequency of 100/sec suggesting that a new process - mobilisation - has 
speeded replacement so that it compensates for depletion.
Further evidence bearing on the nature of mobilisation is given by 
the fall in output/impulse at frequencies above 100-160/sec (Fig. 3) which 
suggests that mobilisation has reached a ceiling of effectiveness. This 
is further illustrated in Fig. 4, where in the curarised preparation, at 
the same frequencies at which mobilisation is no longer effective in 
maintaining output/impulse, output/sec is found to have reached a ceiling.
It may thus be concluded that mobilisation of transmitter is a 
frequency dependent phenomenon which has a threshold at about 10/sec and 
is increasingly effective at higher frequencies. Its onset clearly does 
not depend on depletion of transmitter as thornset occurs at the same frequency 
in both magnesium-treated and curarised preparations. However, whether it 
is manifest as an absolute or relative potentiation of the amount of 
available transmitter and thus of output per nerve impulse, depends on the
extent of the concurrent depletion of transmitter.
32.
These conclusions are supported by the potentiation of miniature 
potential frequency that is found concurrently with the potentiation of 
e.p.p.’s at the magnesium-treated junction (Fig. 5). This has the same 
frequency-dependent characteristics as the potentiation of e.p.p. response 
(Part I. (ii) - this thesis) and can be similarly well explained by an 
increase in available transmitter. It is interesting to speculate on the 
finding that miniature potential frequency is increased after stimulation at 
a normal junction (Brooks, 1956), where there is certainly no absolute 
increase in available transmitter. Such an increase in frequency despite 
a decrease in available transmitter could be explained if mobilisation 
brought vesicles into an especially close relationship to the presynaptic 
release sites, so that, though absolutely, there was less available 
transmitter, the fraction of this transmitter especially well placed for 
release was increased.
When the patterns of transmitter output in response to repetitive 
stimulation found at the neuromuscular junction are compared with those 
of other junctions, astonishing similarities areapparent. Thus in the cat 
spinal cord, the synapses between primary muscle afferents and motoneurones 
resemble the curarised neuromuscular junction in the frequency 
characteristics of their response to repetitive stimulation. Like the 
curarised neuromuscular junction, output of transmitter per impulse falls 
over the frequency range 0.1 to 10/sec but in the range 10 to 100/sec 
mobilisation is more effective and may increase output per impulse to the 
level found at O.l/sec stimulation (Curtis and Eccles, I960).
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In marked contrast, in the same animal, the response to repetitive 
stimulation of the synapses between Group lb muscle afferent fibres and the 
cells of origin of the ventral spinocerebellar tracts, resembles that of the 
magnesium-treated neuromuscular junction. Thus at frequencies of 
stimulation below 5-10 sec, the output of transmitter per impulse is constant 
but over the frequency range 5-10/sec to 80-100/sec a well marked frequency 
dependent increase in transmitter release is found (Figs 6,7). This effect 
is small and may be absent in the case of the Clark's column synapses but 
is large and invariable at the synapses of lb fibres with the ventral 
spinocerebellar tract cells (Eccles, Hubbard and Oscarsson, unpublished 
observations). Of course, nothing is known of the morphology of these 
endings nor whether a quantal mechanism of release exists there. It is, 
however, striking that, at such diverse types of synapse, frequency- 
dependent facilitation of transmitter release should exist.
At the sympathetic ganglia synapses it is possible to measure the 
output of the transmitter ACh, directly. Birks has found that the rate of 
output is independent of frequency of stimulation over a range from 2-20/sec 
thereafter falling as the frequency of stimulation rises (quoted by Birks 
and Macintosh, 1957). The frequencies at which mobilisation is effective at 
these junctions, are markedly lower than those found for other junctional 
regions. It may be significant however, that transmitter output is 
independent of frequency of stimulation over the normal operating range of
the ganglion.
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A similar parallel exists between th^high frequency operation of 
the synapses on spinal interneurones andtheir transmitter release 
characteristics.
The motoneuronal synapses again, may be subjected to high frequency 
stimulation from muscle spindles (Mathews, 1933) but mobilisation provides 
a safety mechanism enabling adequate transmitter output.
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SECTION (ii). Transmitter release after repetitive activation at the 
magnesium blocked neuromuscular .junction.
INTRODUCTION.
Raised magnesium concentrations in thejbathing medium have been used 
to block neuromuscular transmission for many years (Wiki, 1906; Lubinska,
1955). More recently del Castillo and Engbaek (1954) established that this 
action was largely due to a magnesium-induced reduction in the amount of 
transmitter released by a nerve impulse. A further localisation of 
magnesium action was provided when del Castillo and Katz (1954 a,b) demonstrated 
that at the neuromuscular junction, ACh is released in small packets or quanta. 
Magnesium in excess, was found to reduce drastically the number of quanta 
released by a nerve volley, thus reducing the endplate potential below the 
level of depolarisation needed to initiate a propagated impulse.
When the output of transmitter is thus reduced, repetitive activation 
uniformly facilitates transmitter release so far as is known. Only the 
effects of one conditioning volley (Feng, 1941; Castillo and Katz, 1954b) 
or of long tetani (Feng, 1941; Liley, 1956b) have been äudied.
A further index of transmitter release can be studied simultaneously 
with the e.p.p. during and after repetitive activation at the magnesium- 
blocked neuromuscular junction. This is the frequency of spontaneous 
miniature potentials. It has been found that after even one nerve impulse, 
an increase in miniature potential frequency can be detected for up to 
200 msec (Liley, 1956b). After many impulses there is a very large
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acceleration of frequency, which subsides over a time course very similar 
to that of the P.A.P. of endplate potentials in curarised and magnesium 
paralysed muscle (Liley, 1956a, b). These frequency changes can also be 
demonstrated at neuromuscular junctions in normal solutions (Brooks, 1956).
In the present investigation the results of the preceding section 
are extended by a systematic study of the changes in transmitter release 
which follow repetitive activation. This has been done in three ways.
Firstly, the changes in miniature potential frequency and in the magnesium 
reduced e.p.p* hav^been compared often at the same junction, after a range 
of conditioning volleys from 1-4000, at frequencies of stimulation from 
2-400/sec. Secondly, some little investigated aspects of the P.A.P. of 
miniature potential frequency are presented in some detail, and finally 
the statistical analysis introduced by del Castillo and Katz, (1954c) is 
applied to the potentiation of response which follows one conditioning 
volley at a magnesium poisoned junction.
RESULTS
(a) Comparison of the potentiation of miniature potential 
frequency and endplate potential amplitude
After one conditioning volley, there was, as previously reported (Liley, 
1956b), an increase in miniature potential frequency which was maximal 
immediately after the volley and detectable for up to 200 msec afterwards 
(Fig. 8). A closer examination of this potentiation was made by measuring 
the post-tetanic frequency over 1.5 msec, intervals instead of the usual 
10 msec, periods. It was then found that the acceleration of frequency was 
appreciable for only 10-15 msec. Very little potentiation remained after 
20 msec (inset Fig. 8).
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Parallel with the effect on miniature potential frequency, potentiation 
of a testing endplate potential could be recorded which had approximately 
the same time course (Fig. 9). With increasing numbers of stimuli the 
potentiation of miniature potential frequency and of e.p.p. amplitude 
progressively increased (Figs. 8, 9» 10).
Unlike the curarised preparation, the potentiation was maximal 
immediately after the tetanus, but, as Liley (1956b) found, the magnitude 
of the increase in miniature potential frequency was 4-5 times greater than 
the simultaneous increase in e.p.p. amplitude. A further discrepancy was 
apparent when the durations of the respective potentiations were closely 
examined. In all cases (except after one conditioning volley), the 
acceleration of miniature potential frequency lasted appreciably longer 
than the increase in e.p.p. amplitude.
Closer examination of this point was only possible when miniature 
potential frequency and e.p.p. amplitude were compared in the same fibre 
(Fig. ll). Over a wide range of frequencies (l0-400/sec) and durations 
(0.2-14 seconds) the potentiation of miniature potential frequency and e.p.p. 
amplitude ran a similar time course and showed corresponding variations in 
amplitude (Fig. 12).
In a large number of experiments it was clear however, that potentiation 
of e.p.p. amplitude did not occur unless there was a concomitant doubling 
of miniature potential frequency (Figs. 13, 14). Further, when the P.A.P. 
of frequency was less than about twice the resting rate, the potentiation of 
e.p.p. amplitude disappeared (Figs. 13, 14).
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At frequencies and durations of stimulation not sufficient to 
elicit P.A.P. of e.p.p. response, a short (5-10 second) depression of 
response was often found (Fig. 13, 40/sec). As the frequency and duration 
of the stimulation increased, this depression was replaced by the potentiation 
already described, but was still apparent as a short delay in attaining 
the maximum e.p.p. potentiation (Figs. 14, 15), and as a short period of 
mild depression of response, which often followed potentiation when the 
conditioning tetanus was short (Fig. 13,14). Longer tetani did not decline 
into depression in this way (Fig. 14, 200/sec); presumably the potentiation 
then .outlasting the depression.
(b) P.A.P. of miniature potential frequency
Depression of miniature potential frequency after repetitive activation 
was never found (cf Dudel & Orkand, I960). Activity was always acceleratory. 
Stimulation at rates below 10/sec did not produce changes in miniature 
potential frequency greater than those following a single impulse.
For a given frequency, as the number of conditioning volleys increased, 
the magnitude of the potentiation - always maximal within two seconds after 
the tetanus - increased to reach a ceiling characteristic of that frequency. 
(Fig. 16). After large numbers of stimuli the frequency was often as high 
or higher in the second second after the tetanus as in the first. Thus 
in Fig. 16 the frequency for the first two seconds after a tetanus, is 
plotted against the number of volleys in the tetanus. This figure shows that 
the higher the conditioning frequency, the smaller is the number of volleys 
needed to produce the maximal level of potentiation. Further, this maximum 
is greater the higher the conditioning frequency.
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In contrast, the duration of potentiation depended on the number 
of conditioning volleys, and for frequencies of 40/sec and above was 
relatively independent of frequency. For a given frequency, as the number 
of conditioning volleys increased, so also did the duration of potentiation 
(Fig. 17). When different frequencies were compared (Fig. 18), it was 
apparent that despitelarge differences in the magnitude of the potentiation, 
the duration of the effect was much the same for the same number of stimuli.
(c) The Quantal basis of potentiation.
In part (a) of this section it was shown that for 200 msec, after one 
conditioning impulse at a magnesium poisoned junction, there is an increased 
probability of spontaneous transmitter release, paralleled by an increased 
response to a testing nerve volley. Del Castillo and Katz (1954c) by a 
most elegant technique, have demonstrated in the frog, that the e.p.p. 
response, like the miniature potential acceleration, is due to an increase 
in the number of quanta liberated. They were further able to show that 
the process responsible for this increased release could operate even if the 
conditioning nerve impulse did not release any transmitter. In the present 
investigation the opportunity has been taken of applying this part of their 
analysis to a mammalian preparation.
Liley (1956b) used a further part of this analysis to prove that in 
the rat, as in the frog, progressive recruitment of additional quanta of 
transmitter took place during tetanic stimulation at a magnesium-treated 
junction. His results are extended in the present investigation by
library
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repeating the analysis at different frequencies of tetanic stimulation, 
and thus relating the quantal recruitment process to the frequency dependent 
mobilisation of transmitter previously discussed (Section (i)).
RESULTS.
If the magnesium concentration of the bathing medium is increased 
beyond 12 m-moles/l, the intracellularly recorded e.p.p. response to a 
nerve volley is very small and may intermittently fail altogether (del 
Castillo and Katz, 1956a; Liley, 1956b).
Under these conditions the second response to paired nerve stimulation 
at short volley intervals may similarly fail altogether or be smaller or 
larger than the first (Fig. 19). If large numbers of pairs at the same 
interval are examined, however, it is found that on the average the second 
e.p.p. is larger (Table II). With extracellular recording, where the e.p.p. 
is itself the summed product of many junctions, the second response was 
found to be always larger than the first for intervals less than 100 msec.
This increase in amplitude of the second response could conceivably 
be due to an increased amplitude, or an increased number (m), of its 
constituent quantal units. It is possible to distinguish between these 
possibilities in a very simple manner. If it is the magnitude of each 
quanta that is increased, there should be a similar distribution of e.p.p. 
amplitudes for the second response (N^) as for the first (if.), although on 
a different absolute scale. The number of failures of response should be 
unaltered. However, if the number of quanta increases, there should be
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amplitude distributions with different mean numbers (M^ and M ?). 
Correspondingly the number of failures to respond should decrease.
In thepresent investigation, seven experiments were made in which 
the average KL response was approximately equal to one miniature unit.
There were 707 failures to but only 446 to (intervals 2.5-10.7 msec). 
On the first hypothesis, by chance in this number of failures we could 
expect a difference between the number of failures to and of as many 
as 34 (2 S.D.). The actual difference (26l) is thus highly significant 
and strongly suggests that it is the number of quanta that increases.
A more rigorous test of this hypothesis can be made by estimating 
the average quantal content of the first and second e.p.p. responses to a 
large number of paired nerve volleys at a fixed interval. Two methods are 
available. The first depends on the assumption that an estimate of the 
average quantal amplitude at any particular junction can be got from the 
average miniature potential amplitude at the junction. Then;
Quantal content (m) = Mean size of e . p . r ; .  response
Mean size of spontaneous potls. (l)
The alternative method, which avoids the difficulties of measuring small 
potentials, depends on the fact that the quantal content of the small 
individual e.p.p. responses in a magnesium enriched solution follows the 
Poison distribution (del Castillo and Katz, 1954b; Liley, 1956b),
From this relationship, if the average quantal content (m) is known,
the proportion of responses with any given quantal content can be predicted.
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Thus the proportion of responses with a quantal content of zero is e m .
This proportion, of course, corresponds to the proportion of failures to 
respond, which can be directly measured, so that
e m = X/n where N = total number of impulses (2)
X = number of failures.
Whence m = Log^ (n /X)
In table 11 the results of four experiments are presented in which 
the average quantal content of the first and second responses to paired nerve 
impulses was separately estimated by both methods.
It is clear that the average quantal content of the second response 
is indeed larger than that of the first. The two methods show remarkably 
good agreement with respect to the magnitude of this increase at the 
individual junctions.
It is further possible, using the same data, to decide at what stage 
in the transmitter release process this facilitation acts (del Castillo and 
Katz, 1954c). If the release of transmitter is obligatory for the setting 
in train of this facilitation, then if pairs of responses are examined in 
which there was a failure of the first (i.e. N^=0), the second (N^) should 
on the average show no increase in amplitude. Alternatively, if facilitation 
is independent of transmitter release, the mean selected N^ potentials(N_*0) 
should show the full increase in amplitude over the mean response. Nine 
experiments on this point were carried out with similar results. The four 
largest experiments are summarised in Table 111.
43.
When th^iiean potentiations of selected and unselected responses 
are compared (Table 111, Cols. 3 & 5) there is no doubt that the full 
potentiation occurred even when there was no liberation of transmitter in
V
response to the first impulse. That the amount of transmitter liberated 
by the second stimulus under these conditions, is not related to the amount 
liberated by the first impulse is further shown in Tables IV and V.
During this type of investigation it sometimes happens that there is 
a failure of response to both stimuli (Fig. 19). Table IV shows that this 
event is purely a chance coincidence (Compare Cols.5 & 6, Table IV), so 
that the much larger number of failures to the first stimulus are not related 
to the fewer failures of response to the second stimulus.
In one experiment (Table V, expt. l) failures of N0 appeared to be 
preceded by N responses larger than the average response. A larger 
sample, however, showed no evidence of any interaction of this kind 
(Table V).
The method of estimating the quantal content of responses, from the 
proportion of failures to respond, can also be applied to the successive 
responses to tetanic stimuli (del Castillo and Katz, 1954c; Liley, 1956b).
It was of interest to use this method to assess the effectiveness of various 
frequencies of stimulation in recruiting quanta of transmitter (Fig. 20).
The results were in good agreement with the results obtained by 
measurement of e.p.p. size during tetani over the same range of frequencies 
(Section (i)). Thus quantal recruitment during repetitive stimulation was 
not found at frequencies of 10/sec or less (2 and 5/sec were also examined),
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while frequencies above this level were increasingly more effective 
(Fig. 20).
DISCUSSION.
The results of this section will be considered with those of the 
preceding section, firstly in relation to the frequency dependence of the 
potentiation of transmitter release by repetitive activation, and secondly 
in relation to the possibility that P.A.P. is a residual effect of the 
mobilisation of transmitter by nerve impulses.
As previously reported (Liley, 1956b) nerve impulses uniformly 
facilitate spontaneous release of transmitter, the parameters of this 
facilitation being the frequercy and duration of stimulation. The frequency 
of stimulation determines the rate at which potentiation of release is 
built up as well as its final magnitude (Figs. 12, 16). However, repetitive 
impulses do not cause any summation of facilitation unless their frequency 
is 10/sec or more (Fig. 3) and the effect of the frequencies below 50/sec 
is small (Fig. 13). The basis of this relationship is almost certainly 
found in the effect of one impulse - a facilitation of release detectable 
for some 200 msec, but only of significant size for 10-20 msec (Fig. 8). 
Repetitive impulses must therefore fall at an interval of 15-20 msec or 
less to be markedly additive in their effect. Further after one impulse, 
facilitation of release falls off very steeply with time (Fig. 8 inset), 
so that the impulses falling at closer intervals summate at increasingly 
higher points on the curve of the decay of facilitation. This model accounts
satisfactorily for the frequency threshold, and the effect of frequency of
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stimulation on the build up and final magnitude of the facilitation of 
spontaneous release of transmitter.
In the magnesium-treated preparation, transmitter release in 
response to nerve impulses was also uniformly facilitated by repetitive 
stimulation with the single exception of an inconstant short depression 
of release immediately after long high frequency stimulation (Figs. 14,15).
At all frequencies and durations of stimulation miniature potential 
frequency and e.p.p. amplitude varied in parallel (Fig. 12), with the proviso 
that potentiation of the e.p.p. was always smaller and shorter than the 
concomitant potentiation of spontaneous release (Fig. 15,14). A type of 
threshold effect was apparent in the nonappearance of e.p.p. potentiation 
until the concurrent miniature potential frequency was double, and the 
striking disappearance of the potentiation as the miniature potential 
frequency sank below this threshold (Fig. 15,14). However, over a range of 
stimulating volleys from 1-4000 at frequencies from 2-400 sec, there was no 
discontinuity in the facilitatory process revealed by acceleration of 
miniature potential frequency and increase in e.p.p. amplitude. It may 
therefore be concluded that the same process is responsible for the 
potentiation of both types of transmitter release, but the miniature 
potential frequency is tbfcmore sensitive index. Miniature potential 
frequency may thus be considered an indicator of transmitter availability.
The relationship of the mobilisation of transmitter by repetitive 
nerve impulses previously described (Sect (i)) to the post-stimulation
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changes in transmitter release here described, is in part clear. The 
mobilisation process must continue for up to a second after the cessation of 
stimulation, for miniature potential frequency continues at the tetanic 
level for that time and may even increase in that period (Fig. 5). Again 
since in the magnesium-treated preparation all repetitive frequencies of 
stimulation above 10/sec cause increasing facilitation of response, 
this facilitation must continue for some 100 msec after the end of 
stimulation, for no distinction can he made between the next member of the 
tetanic train and the testing stimulus.
This mechanism would thus explain the short potentiation of response 
after one impulse as a very brief increase in available transmitter, rapidly 
decaying (presumably by random diffusion from the release site). The 
immediately post-stimulation peaks of miniature potential frequency and 
magnesium-treated e.p.p. potentiation similarly represent the brief 
continuation of the mobilisation process.
It would seem reasonable that the increase in the amount of 
available transmitter brought about during and immediately after stimulation 
in the magnesium-treated preparation should decline to normal levels with 
a time course dependent on its initial magnitude and the unknown factors 
which control the migration of vesicles in the presynaptic terminals. This 
process could account for the tail of P.A.P. of miniature potential 
frequency and e.p.p. response which follows the initial post-tetanic peak. 
There are, however, certain difficulties not well explained by this
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hypothesis. In the present investigation the number of stimulating volleys 
was the important determinant for the duration of the potentiation of 
spontaneous transmitter release , provided the frequency was adequate for 
summation of facilitation. The initial magnitude of facilitationdid not 
appear to influence this duration (Fig. 18).
Further, the postulated increase in available transmitter cannot 
be large, for if at curarised junctions during the post-stimulation period, 
a short tetanus is used to elicit P.A.P. only the first two responses are 
potentiated and the remainder are depressed (Liley and North, 1953). At 
motoneuronal synapses, after a similar procedure, successive members of the 
testing train show decreasing potentiation, the potentiation of the fifth 
being only a third of that of the first (Curtis and Eccles, i960).
On the other hand the results of the statistical analysis of 
potentiation of transmitter release by nerve impulses (Section (ii) c), 
provide strong support for the mobilisation hypothesis, firstly in 
establishing that potentiation operates at a quantal i.e. vesicular level 
(Table 11, Fig. 20;, and again in the demonstration that in mammalian 
preparations, as in amphibian (del Castillo and Katz, 1954c), potentiation 
is dependent of liberation of transmitter, a possibility inherent in the 
mobilisation hypothesis. The further conclusion may be drawn that increased 
availability of transmitter cannot be due to some type of gradient effect 
whereby release of transmitter automatically entails replacement from 
regions of higher concentration. How a nerve impulse could cause
mobilisation of transmitter is obscure. Perhaps the simplest speculation 
would be that vesicles are charged and thus attracted to areas polarised
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in the opposite direction by the nerve impulse (cf. Liley, 1956c).
It may be concluded that increased availability of transmitter due 
to mobilisation of vesicles by nerve impulses, can explain potentiation of 
transmitter release during and after repetitive stimulation. This 
explanation, however, is most convincing for the period of active mobilisation 
during and immediately after stimulation. Other mechanisms may thus be 
involved in residual changes.
49.
SECTION (iii). Transmitter release after repetitive activation at the, 
curarised neuromuscular .junction
INTRODUCTION.
In the curarised preparation, the e.p.p. can be regarded as an index 
of the normal amount of ACh released by a nerve impulse (cf. Introduction to 
Part l). It was thus of interest in the present investigation to compare 
the conclusions drawn from studies in which the output of transmitter had 
been reduced by magnesium (Section (ii)) with the results of parallel 
studies in the curarised preparation. Further, the curarised e.p.p. may 
be properly compared with the synaptic potentials recorded at other junctions, 
so that it was possible to look for the various phases of potentiation 
and depression described after stimulation at such well investigated junctions 
as the synapses between primary afferent fibres and motoneurones (Lloyd and 
McIntyre, 1955; Lloyd, Hunt and McIntyre, 1955; Lloyd, 1959; Curtis and 
Eccles, I960).
Unlike the motoneuronal synapses, the effect of repetitive 
activation at the neuromuscular junction has not been examined over a wide 
range of frequencies and durations. Studies have been confined to the 
effects of single stimuli or long tetanic trains. Thus extracellular 
recording from curarised mammalian neuromuscular junctions has shown that, 
after double nerve stimulation, the second e.p.p. is smaller than the first 
at all intervals up to 3-10 seconds (Eccles, Katz and Kuffler, 1941;
Lundberg and Quilisch, 1953a; Liley and North 1955). Closer examination 
of this depression has revealed that it increases to reach a maximum at
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100-300 milliseconds after the conditioning volley, tundberg and Quilisch 
(1953a) suggested that this indicated a mixture of potentiation and depression, 
the potentiation being submerged by the depression. These workers attempted 
to discover, by intracellular recording in the curarised rat diaphragm, 
whether individual endplates responded by potentiation or depression or if 
the potentiation and depression were mixed at the same junctions. They
at
failed to decide this point but they did find some junctions at close volley
A
intervals, an absolute potentiation of the second e.p.p. A similar 
potentiation at close intervals was also found'fey Hubbard and Scott (1952) 
when recording extracellularly from curarised cat extraocular muscles.
In the only recent study of small numbers of conditioning volleys 
in a mammalian preparation, Hutter (1952) used muscle twitches from the 
partially curarised cat tibialis muscle as his criterion and found that 
four nerve volleys at IGO/second produced a larger depression of response 
than did a single volley. After nine and eighteen volleys at this frequency, 
the period of depression was considerably shortened and was followed by 
potentiation, which is the well known post-tetanic or postactivation 
potentiation (Liley, 1956b). This potentiation was studied in detail after 
larger numbers of stimuli by Liley and North (1953)» who recorded e.p.p.'s 
extracellularly from muscle fibres in the rat diaphragm.
In the present investigation there has been a systematic study of
the effects of one to several hundred conditioning volleys, at various
frequencies, on the e.p.p. response to a testing volley. The results of
previous investigations are confirmed and enlarged, and a distinct early 
phase of potentiation previously described only at the synapse between
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primary afferent fibres and motoneurones (Eccles and Rail, 195l) is shown to 
be detectable at the neuromuscular junction.
RESULTS.
1-10 Conditioning volleys.
At 30 neuromuscular junctions the effect of pairs of nerve impulses 
at intervals from 0.5 to 15 milliseconds, was examined in detail. At 27 
of these junctions the second e.p.p. was on the average larger than the first 
for intervals varying from 1.5 to 10 milliseconds (Fig. 2l). For the 
majority, this absolute potentiation did not extend beyond 2 to 5 milli­
second intervals. At three junctions no absolute potentiation could be 
demonstrated, but in these cases there was a relative potentiation, i.e. 
minimal depression (Fig. 22). From this potentiation the size of the 
second e.p.p. declined, most markedly in the first 10 to 20 milliseconds, 
to a maximal depression at 200 to 300 milliseconds (Fig. 23). The time for 
complete recovery from this depression varied greatly from junction to 
junction, the range being 2 to 10 seconds. In most cases recovery was 
complete within five seconds (Fig. 24).
When the number of conditioning impulses was increased, the depression 
was correspondingly greater and there was no absolute potentiation. The 
phase of incrementing depression immediately after the testing volley 
remained and was of approximately the same duration as after one conditioning 
volley (Fig. 23). Recovery to control size of the test e.p.p. occurred
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in two phases (Fig. 24), an initial rapid phase between 0.3 and 1.0 
seconds and a slower phase, which was linear when plotted on logarithmic 
coordinates (Fig. 25). The depression varied in extent and duration from 
junction to junction, but generally was larger and longer as the number of 
conditioning volleys increased. The variation was such that for comparative 
purposes it was necessary to obtain all results from the same junction.
10-400 conditioning volleys
After as few as 10 conditioning volleys at 200/sec, instead of a 
prolonged depression, in half the junctions explored there was a rapid 
recovery of the testing e.p.p. size, reaching a maximum about 100 milliseconds 
after the end of the tetanus. After 20 or more conditioning volleys at 
200/sec this rapid recovery was invariable, and often lead to an absolute 
potentiation of the test response (Figäkajk, . This early potentiation was 
best developed after high frequency stimulation. After 20 volleys at 
50/sec and 100/sec it could be detected as a relative potentiation on a 
background depression, but was small compared with the effect of 20 volleys 
at 200/sec. (Fig. 27).
As the number of conditioning volleys increased, this early potentiation 
became smaller but remain most prominent about 100 milliseconds after the 
tetanus (Fig. 26<J. It could still be detected after 100 volleys at 200/sec,
Following this early potentiation, and appearing with the same small 
number of volleys, a second phase of potentiation appeared. It began 
0.5-1 second after the tetanus, and, as the number of conditioning volleys
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increased, so its peak became larger and later. (Figs. 2&i\28). This 
potentiation had the same time course as that described by Kutter (1952) 
and merged into the P.A.P. of endplate potentials described by Liley and 
North (l953) as the length of the conditioning tetani increased. It had 
the expected characteristics of increasing magnitude and duration with 
increasing frequency and duration of the conditioning tetanus (Fig. 28).
Discussion
Two interlocking aspects of these results invite discussion. The 
first is the comparison of the results with those obtained at otherjunctions 
similarly investigated. Secondly, the concepts previously developed of the 
dual action of nerve impulses (Eccles, 1957) on the available transmitter- 
depletion and mobilisation - can be put to a further test in the explanation 
of these results.
It is noteworthy that at the only junctional regions systematically 
explored with intracellular recording - the mammalian neuromuscular junction 
and the mammalian motoneuronal synapses (Curtis and Eccles, i960) - similar 
patterns of response should occur. After one conditioning volley there is 
the same relative potentiation which may be absolute at close intervals; after 
small numbers of high frequency impulses there is the same type of early 
potentiation (Eccles and Rail, 1951; Lloyd, 1952); after more severe' 
conditioning tetani there is the same prolonged P.A.P. which is, of course, 
found at many diverse junctions (Eccles, 1957).
The potentiation after a single conditioning volley is also 
paralleled by the absolute potentiation of the same time course which follows
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one volley at the amphibian (Feng, 1940; Eccles, Katz and Kuffler, 1941) and 
Crustacean (Katz, 1949) neuromuscular junctions and at the mammalian ganglionic 
synapse (Eccles, 1945).
Without doubt the mixture of potentiation and depression postulated 
by Lundberg and Quilisch (1955a) occurs at the same junction. The mixture 
is, in fact, a mixture of increases and decreases in the amount of 
transmitter liberated, i.e. in the amount of available transmitter (Section (i)), 
The amount of available transmitter in turn depends on the balance between the 
two independent actions of the nerve impulse already mentioned - depletion of 
transmitter by liberation and replacement by mobilisation.
Previous results (Section (ii)) have been concerned with the effect 
of mobilisation because in the magnesium treated preparation, depletion is 
negligible (Section (ii);. In the curarised preparation however, depletion 
and mobilisation must both be considered. In their simplest form these two 
factors may be recognised after one conditioning impulse. The 200 msec period 
of incrementing depression immediately following the impulse (Fig. 23) is 
paralleled by the potentiation of miniature potential frequency and of magnesium 
reduced e.p.p.'s, of similar time course (Figs. 8,9), and can, therefore, be 
taken as the time course of mobilisation. At the curarised junction however, 
the other component of the availability equation - depletion - is dominant 
and persists for 5-10 seconds i^ Fig. 24). The effect of mobilisation appears 
thus as a relative potentiation superimposed on an enduring depression.
Much other supports thia analysis. Factors increasing transmitter release,
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e.g. increased calcium concentrations in the bathing medium,stretching or 
heating the preparation, at the same time increase the magnitude of the 
depression, leaving the time course of mobilisation unchanged (Lundberg and 
Quilisch, 1953h; Hutter and Trautwein, 1956; Takeuchi, 195&).
In contrast, factors reducing transmitter release, e.g. high 
magnesium concentrations in the bathing medium, reduce the depression leaving 
only the effect of mobilisation which now appears as an absolute potentiation 
of response (Section H ,  ct). Presumably variations in the amount of 
available transmitter are similarly responsible for the species variation in 
the potentiation after one conditioning volley, as already discussed.
As the number of conditioning impulses increases, depletion and 
mobilisation must both be cumulative. It has been suggested that high 
frequencies of stimulation are particularly efficacious in the mobilisation 
of transmitter (Section ii). Farther this mobilisation process continues 
for a short period after stimulation ceases (Curtis and Eccles, I960;
Section II - this thesis). Thus there would be a short period in which 
depletion had ceased, but mobilisation continued rapidly to build up the 
store of available transmitter. The early P.A.P. of e.p.p.'s which follows 
a small number of high frequency impulses (Fig. 26a,b) occurs during this 
period as also does the maximum potentiation both of miniature potential 
frequency and of magnesium-reduced e.p.p.’s. All these phenomena may thus 
be due to the short period of continued active mobilisation after stimulation 
ceases.
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It is possible to detect both the early and the late forms of P.A.P. 
after the same stimulation (Fig. 26b). This could be explained if the time 
course of the decay of the residual effects of mobilisation was, under these 
circumstances, much longer than the time course of depletion due to liberation 
of transmitter. The short-lasting early form of P.A.P. certainly arises from 
a depression into which it later declines (Fig. 26b,27), until the onset 
of the later P.A.P. Further the course of the late P.A.P. of curarised 
e.p.p.'s is parallelled by a similar potentiation of miniature potential 
frequency and magnesium-reduced e.p.p.'s (hiley, 1956a: Section i\ - this
thesis). Thus there are good indications of an increased availability of 
transmitter over this period, even though this increase cannot be large (Liley 
and North, 1953; Curtis and Eccles, I960).
Two facets of the results obtained in the present investigation 
are not well explained by the simple concepts of depletion and mobilisation 
of transmitter. Firstly there is the mild depression of e.p.p. response 
found after stimulation in the magnesium-treated preparation. Secondly, at 
the curarised junction, thereis the disappearance of the early form of P.A.P. 
and increasing delay in the peak of the later P.A.P. as the number of 
conditioning volleys increases.
The depression of e.p.p. responses in the magnesium-treated preparation 
can hardly be due to depletion as it appears after as few as 28 volleys at 
40/sec (Fig. 13). Receptor inactivation (Thesleff, 1955,a,b); Katz and 
Thesleff, 1957;, however, appears as a very likely possibility in view of the 
association of this depression with responses of large quantal content, and its 
increase with longer stimulation (Section ii, (cl)). There is good evidence
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that in the rat diaphragm, the amount of ACh represented by the small 
magnesium reduced e.p.p. can produce inactivation of receptors (Axelsson 
and Thesleff, 1958). This process may thus be responsible both for the 
delay in reaching thepeak of P.A.P. and for the residual small depression after 
a short lasting potentiation, that is found in themagnesium treated preparation 
(Figs. 13,14,15).
It has been inferred that receptor desensitisation does not operate 
under normal conditions at the neuromuscular junction because there is no 
alteration in miniature potential amplitude after longt^tani in magnesium 
treated preparations (Liley 1956a) or preparations in normal solutions, where 
presumably there is maximum exposure of the post-synaptic membrane to 
transmitter (Brooks 1956).
In the present investigation also, at a magnesium-blocked junction 
there was no significant difference between mean miniature potential 
amplitudes before and after stimulation of a 1000 impulses at 100/sec, nor 
did the distribution of amplitudes differ markedly before and after 
stimulation. It is possible that some effect on miniature potential 
amplitude might be detected if the conditioning stimulation was carried 
out with e.p.p.’s of larger amplitude, e.g. in the preparation paralysed 
with high A/aCl in a bathing medium. Brooks’ (1956) results cannot be taken 
as conclusive on this point, for in his published experiments there was 
a pronounced fall in muscle resting potential during the measurements of 
miniature potential size. It is therefore surprising that he found no changes 
in size during his measurements and it might even be inferred that an
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increase in the size would have occurred if the membrane potential had 
been maintained constant (Fatt and Katz, 1951)•
In the curarised preparation, with much larger transmitter output, 
desensitisation must almost certainly occur during tetanic stimulation, and 
persist for some time after stimulation ceases (Thesleff 1959)« As the 
inactivation would increase in magnitude and duration, with increasing numbers 
of stimulating volleys, i.e. with increasing exposure to ACh, it could account 
satisfactorily for the increasing delay in reaching the peak of P.A.P. found 
in curarised preparations. This increasing delay cannot be satisfactorily 
accounted for on the grounds of increasing depletion of available transmitter, 
for at any given frequency of stimulation, equilibrium is reached after a 
few impulses between depletion and mobilisation (Section (i)). Thus 
depression of response due to depletion shouldbe of much the same duration at 
a given frequency of stimulation, whatever the number of conditioning impulses. 
Similarly depletion cannot be responsible for the disappearance of the early 
form of P.A.P. as the number of conditioning volleys increases (Fig. 26b). 
Curtis and Eccles (i960) have suggested that this disappearance may be due 
to a build up of hyperpolarisation in the fine presynaptic nerve branches, 
causing partial blockage of impulses in the post-tetanic period. Presynaptic 
blockage of impulses has been investigated at rat neuromuscular junctions by 
Kmjevic and Miledi (1958, 1959)* Junctions paralysed with curare or 
excess magnesium (15 mH) both in vitro and in situ had to be stimulated at 
high frequencies (lOO/sec or more) for several minutes before the onset of
the block.
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In thepresent investigation, intermittent failure of response 
occasionally occurred at a magnesium treated junction towards the end of 
stimulation with frequencies above 100/sec, for as little as four seconds.
In agreement with Kmjevic and Miledi (1959) failures were more common 
the higher the stimulus frequency and thelonger the period of stimulation.
After such a tetanus (Fig. ll), the initial magnitude of potentiation, both 
of e.p.p. and miniature potential frequency, was often of the expected order, 
but the duration of the potentiation was sharply curtailed, indicating that 
the impulses had not reached thepresynaptic terminals. Such results were 
not used in any of the material presented elsewhere in this thesis.
Presynaptic blockage of impulses in fine nerve branches may thus be responsible 
for the occasional complete failure, or very small response which is. found 
during the initial 2-3 seconds after a long tetanus at a magnesium-treated 
junction (Fig. 15), and for the disappearance of early P.A.P. in the 
curarised preparation. Curtis and Sccles (i960) have further suggested 
that presynaptic blocking of nerve impulses may be responsible for the 
delayed onset of post-activation potentiation at the curarised neuromuscular 
junction and at motoneuronal synapses. However, there seems to be no reason 
why this type of failure should occur at the curarised neuromuscular junction 
in preference to the magnesium-treated. As magnesium increases the threshold 
of nerve fibres (Frankenhauser and Hodgkin, 1957; Frankenhauser and Meves, 
1958), it should be more prominent in the magnesium treated preparation.
The delayed onset of P.A.P. is prominent at the curarised neuromuscular 
junction after tetani of very short duration (Figs. 26b, 28) which cause
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immediate potentiation of response at the magnesium-treated junction 
(Figs. 9,13). Moreover, in the curarised preparation progressive increase 
in the duration and frequency of stimulation leads to progressive increase 
in this delay (Fig*. 28), while similar tetani in the magnesium treated 
preparation cause little or no delay in the peak of potentiation. 
Presynaptic blockage of impulses in fine nerve branches is thus probably 
not important as a cause of posttetanic depression in the curarised 
preparation.
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GENERAL DISCUSSION.
Discussion of the mechanism responsible for increased quantal 
release of transmitter during and after repetitive stimulation, has so 
far centred on thepossibility that a change lias occurred in the availability 
of transmitter in the presynaptic terminals, due to the mobilising effects 
of nerve impulses.
This theory further implies that a given size of nerve impulse 
releases transmitter in proportion to the amount available, for which there 
is good evidence (Perry, 1953; Liley and North, 1953)» A well supported 
alternative theory however, turns the problem round by suggesting that the 
change brought about by repetitive activation is in the nerve impulse rather 
than in the availability of transmitter. In its fully developed form, this 
theory suggests that repetitive stimulation causes hyperpolarisation of 
nerve terminals,'so that the spike potential is larger and therefore 
liberates more transmitter (Lloyd, 1949, 1952, 1959; Wall and Johnston,
1958; Eccles and Krnjevic, 1959a, b).
Hyperpolarisation after, activity is almost certainly a universal 
property of all nerve fibres. Previous demonstrations of the phenomenon 
in whole nerve trunks (Gerard, 1949; Gasser 1935, 1939, 1950, 1958; Gasser 
and Grundfest, 1936; Grundfest and Gasser, 1938; Woolsey and Larrabee;
1940; Brown and Holmes, 1956) have been confirmed by studies of single 
nerve fibres (Ritchie and Straub, 1956;) and in the spinal cord, by intra­
cellular recording (Eccles and Krnjevic 1959a, b). That the hyperpolarisation
library X-)
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extends to nerve terminals has been shown for primary afferent spinal cord 
fibres by Wall and Johnston, (1958) but not as yet for any other nerve 
terminals.
The magnitude and duration of the hyperpolarisation of spinal cord 
afferent fibres is fairly well correlated with the magnitude and duration 
of P.A.P. of monosynaptic reflexes (Lloyd, 1949;) and excitatory post- 
synaptic potentials (Eccles and Krnjevic, 1959b). In SDUie investigations 
however, hyperpolarisation has been of shorter duration than the P.A.P.
(Liley and North, 1953; Eccles and Rail, 1952).
The assumption that during hyperpolarisation the spike will be of 
greater magnitude is also probably true, if the voltage change is measured 
from thehyperpolarised base- line to the j^ eak of the action potential. The 
change is admittedly small - some 1-10$ (Ritchie and Straub, 1956; Gasser, 
1958). Hagiwara and Tasaki (1958) however, found that changes of this order 
in the presynaptic spike at the squid giant synapse could markedly increase the 
resultant post-synaptic potential. No other direct demonstration of the 
relationship of spike height to transmitter release has been reported but del 
Castillo and Katz (l954d) have shown that anodal polarisation of nerve 
terminals at the frog neuromuscular junction leads to an increase in the 
e.p.p. magnitude during the hyperpolarisation and for some time afterwards.
The weakness in this otherwise impressive theory lies in its 
inability to explain the potentiation of miniature potential frequency by 
nerve impulses. Liley (1956c), has clearly shown that when nerve terminals
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in the rat diaphragm are hyperpolarised, miniature potential frequency is 
greatly reduced rather than increased. It must therefore be concluded that 
if hyperpolarisation of these terminals occurs, the miniature changes take 
place in spite of rather than because of it. Moreover at the neuromuscular 
junction in vertebrates, the changes in miniature potential frequency 
brought about by polarisation of nerve terminals are greatly reduced in 
the presence of low calcium or high magnesium concentrations (del Castillo 
and Katz, 1954d); Liley 1956c). Yet P.A.P. occurs in such solutions in as 
marked a form as in solutions of more normal ionic composition (Liley,
1956b)* If the nerve terminals are hyperpolarised therefore, it must be 
presumed that the increase in available transmitter due to the mobilising effect 
of nerve impulses, can more than compensate for the depression produced by 
the polarisation change.
It might be thought that the reduction of post-activation potentiation 
in the presence of solutions with a high potassium content (Liley and North, 
1953) favoured the hyperpolarisation hypothesis. Recording from single junction 
however, has shown that increased potassium concentrations increase the 
quantal content of e.p.p.s (Liley, 1956d) as well as accelerating miniature 
potential frequency (Liley, 1956c). Thus the action of P.A.P. and potassium 
on quantal release is the same although potassium depolarises nerve terminals. 
Their occlusive effects can thus be convincingly explained as due to 
interaction at the same site - the available transmitter in the presynaptic 
terminals - potassium depleting this store by facilitating release of
transmitter, so that P.A.P. is less effective.
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During the present study an attempt was made to test the excitability 
of the presynaptic terminals at neuromuscular junctions in the rat diaphragm, 
after repetitive activity. Unfortunately difficulties in passing enough 
stimulating current through a microelectrode to excite these fine nerve 
fibres, prevented any conclusions being reached. It is clear however, 
that even if hyperpolarisation of nerve terminals does follow repetitive 
activity, and is responsible for the enchanced effect of nerve impulses in 
releasing transmitter, changes in availability of transmitter must occur, 
not only to account for miniature potential frequency changes, but also for 
the great increase in rate of transmitter output during repetitive 
stimulation.
From time to time other factors have been put forward as having some 
influence on the facilitation of transmitter release by nerve impulses.
Thus Birks and Mackintosh (1957) suggested that an increase in intracellular 
calcium concentration during repetitive activity might cause axoplasmic 
viscosity to decrease, leading to greater mobility of vesicles i.e. 
increased availability. The evidence for this idea is suggestive only. 
Resting rates of calcium flux across nerve membranes are very low, but are 
increased six to twenty fold by tetanic stimulation (Flückiger and Keynes, 
1955; Hodgkin and Keynes, 1957). The slow pumping out of the consequent 
increase in intracellular calcium, is responsible Birks and Macintosh (1957) 
suggest, for the time course of P.A.P. Several workers have demonstrated 
protoplasmic changes in the presence of increased intracellular calcium 
(Heilbrunn, 1952; Hodgkin and Keynes, 1957).
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However P.A.P. at the neuromuscular junction does not vary in extent 
with the external calcium concentration (Liley, 1956b), as this theory would 
predict. Again,the action of calcium on transmitter release seems to be 
exerted at surface sites in the presynaptic membrane (Part II - this thesis) 
rather than intracellularly.
It is evident that a completely satisfactory explanation for the 
facilitatory action of nerve impulses on transmitter release is still 
awaited. Possibly two mechanisms are at work, but the close relationship 
between the potentiation of miniature potential frequency and e.p.p. 
amplitude suggests one underlying process.
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PART II
THE EFFECT OF MAGNESIUM AND CALCIUM ON 
THE SPONTANEOUS RELEASE OF TRANSMITTER
INTRODUCTION
There is good evidence, in both amphibia and mammals, that the 
amount of transmitter released at the neuromuscular junction by a nerve 
impulse varies directly with the calcium concentration and inversely with 
the magnesium concentration in the surrounding medium (del Castillo and 
Stark, 1952; del Castillo and Engbaek, 1954; Boyd and Martin, 1956b).
Calcium also increases the frequency of spontaneous transmitter release in 
the cat tenuissimus muscle (Boyd and Martin, 1956a), but has little effect 
on spontaneous release in the rat diaphragm (Liley, 1956c), and an 
inconstant effect on spontaneous release in frog muscle (Fatt and Katz, 1952). 
Magnesium has not been found to affect frequency of spontaneous transmitter 
release in amphibia or mammals (del Castillo and Katz, 1954a; Boyd and 
Martin 1956a).
The failure of these ions to act in a parallel fashion on the 
amounts of transmitter released spontaneously, and by nerve impulses has lead 
del Castillo and Katz (1954a,d) to postulate two different pathways leading 
to a common release mechanism. Such an explanation is difficult to 
harmonize with Liley's (1956c) hypothesis that release of transmitter by a 
nerve impulse is but the simultaneous release of quanta otherwise fated to 
be liberated singly and spontaneously. Further, the finding that release is
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quantal in both instances and the likelihood that the quanta are the 
presynaptic vesicles, makes any distinction in method of release unlikely.
Nor is there any difference in the effect of depolarisation of the nerve 
terminals, which is an initiating event for both types of transmitter 
release, and is in both cases inhibited by low calcium or high magnesium 
concentrations in the external medium (del Castillo and Katz 1954d; Liley 
1956c).
Castillo and Katz, (1956) and Katz (1958) have put forward a scheme for 
transmitter release taking account of these various lines of evidence.
They suggest that the release mechanism depends on the coincidence of key 
reactive molecules in vesicle and presynaptic membrane. Normally there are 
few reactive sites in the membrane but depolarization vastly increases 
their number so that the presumed frequent collisions between vesicles and 
membrane are now correspondingly much more effective in liberating 
transmitter. Calcium and magnesium mutually interact in the regulation 
of the membrane changes caused by depolarization, calcium being thought an 
essential co-factor which can be competitively displaced by magnesium.
This hypothesis thus explains the lack of effect of calcium and magnesium 
on spontaneous release of transmitter by postulating that these ions act only 
in the present of depolarisation (cf Eccles 1957).
In thepresent investigation it will be shown that in the rat 
diaphragm this postulate is unnecessary, as magnesium and calcium interact 
to control the spontaneous release of transmitter in the same way as they
control the amount of transmitter released by a nerve volley.
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RESULTS
Effect of Magnesium.
In Table 6 the results of eleven experiments on one preparation 
are summarised, showing that a magnesium concentration of 3m-mole/l. 
depressed the frequency of the spontaneous discharge of potentials by about 
40%
It will be noticed that in most experiments, the miniature potential 
frequency was much the same before and after the exhibition of 3mM MgCl^.
In experiment 5, however, the frequency fell again after the MgCl0 was 
washed out. In this case, as in all others, the assumption has been made of 
a linear change in frequency with time, and the average of the final and 
initial frequencies compared with the frequency in the test solution (Column 5).
A range from 1.0-15 m-mole/l MgCl0 was explored in this way the
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presence of 2mM CaCl^. The results (Eig. 9) show that this depression was 
fully developed at 3m-mole/l and was not statistically different at higher 
concentrations.
When the preparations were in solutions containing 10 m-mole/l 
or more magnesium, neuromuscular transmission was blocked and endplate 
potentials couldbe recorded in response to stimulation of the phrenic 
nerve. However, the depression of miniature frequency was not greater than 
at lower concentrations of magnesium.
The reduction of frequency appeared within two minutes of changing 
solutions. The effect of temperature on the depression was investigated by 
repeating the experiments at 31.5 - 32°C. Over a range of magnesium
concentrations from 1 - 1 0  m-mole/l the mean depressions of frequency found 
were within one standard error of the mean depressions found at 37 - 37.5°C. 
Similarly, when the effect of 10 mM MgCl was examined at pH 6.8 (bicarbonate 
buffer) and at pH 8.6 (Tris buffer), the mean results were almost identical 
with those at pH 7»4.
Effect of calcium. In mammalian preparations it is known that 
miniature potential frequency is influenced by the bathing calcium 
concentration (Boyd and Martin, 1956a). No systematic study of the phenomena 
has however been published.
In the present investigation it was found that over the range c£ 
calcium concentrations explored (0.5 - 10 m-moles/l), miniature frequency 
was linearly proportional to the logarithm of the bathing calcium 
concentration (Fig. 30). A ten fold increase in calcium concentration 
produced an approximately 65$ increase in frequency.
The increase in frequency was fully developed within four to eight 
minutes of changing solutions. This variation X7as mainly in the time which 
elapsed before any changes in frequency were noticed. The change in 
frequency was always abrupt in onset and the new frequency established within 
two minutes.
During these experiments it was noticed that miniature potentials 
could still be recorded from muscle fibres bathed in "calcium free" solutions 
for more than five hours. In further experiments with calcium-free solutions, 
miniature potential frequencies at individual junctions were stable for up 
to half an hour even in thepresence of a chelating agent (E.D.T.A.) in
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c o n c e n tra tio n s  up to  5 m -m ole/l. Neuromuscular tran sm issio n , u n lik e  
m in ia tu re  p o te n t ia l  r e le a s e ,  was blocked w ith in  1 5 - 4 5  m inutes of changing 
to  a so lu tio n  co n ta in in g  no added calcium .
In te r a c t io n  of calcium  and magnesium. The e f fe c t  of calcium on 
m in ia tu re  p o te n t ia l  frequency was explored in  thepresence of 0, I ,  and 2 mM 
MgCl^. I t  was found th a t  th e  same l in e a r  r e la t io n s h ip  ex is ted  between th e  
logarithm  of the  b a th ing  calcium  co n ce n tra tio n  and m in ia tu re  p o te n t ia l  
frequency d e s p ite  the  v a r ia t io n  in  magnesium c o n ce n tra tio n . The e f f e c t  o f 
any given calcium  c o n ce n tra tio n  was however reduced by about 20$ fo r  each 
1 m -m ole/l in c re a se  in  magnesium co n ce n tra tio n  (F ig . 30).
This l a t t e r  r e la t io n s h ip  i s  shown more c le a r ly  in  F ig . 51 where th e  
a c c e le ra t io n  o f m in ia tu re  p o te n t ia l  frequency produced by 2mM CaCl^ was 
in v e s tig a te d  in  the p resence of 0 -  5 m -m oles/l of magnesium. As expected 
th e  a c c e le ra tio n  w a s 'l in e a r ly  r e la te d  to  the magnesium co n cen tra tio n  and 
was ab o lish ed  by 5 m -m ole/l magnesium.
R ec ip ro ca lly , the  d ep ressio n  of m in ia tu re  p o te n t ia l  frequency by 
3 mM MgCJl^  i l l u s t r a t e d  in  Table 1, was explored in  the presence 0 - 1 5  
m -m ole/l. CaCl« (F ig . 32) .  The magnesium depression  of frequency was a t  a 
maximum c lo se  to  2 m -m ole/l calcium . As would be expected from the  p reced in g  
r e s u l t s ,  in c re a s in g  the calcium  co n ce n tra tio n  from th is  le v e l re lie v e d  th e  
d ep ress io n . Unexpectedly however, decreasing  th e  calcium  co n cen tra tio n  a lso  
dim inished the  dep ression  o f  frequency by magnesium. Thus absence of 
calcium  or a 15 mM c o n c e n tra tio n  o f calcium  both ab o lished  the d ep ress io n .
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In view of this unexpected effect of low calcium concentrations, 
other concentrations (1,5» 10 and 15 m-moles/l) of magnesium were also explored 
in the presence of 0 - 5 mM CaCl0 (Fig. 29). The results with 5 mM CaCl^ 
in thebathing solution were not significantly different from the results with
2 mM CaCl^ and are therefore not separately graphed. In general no great 
difference was found between the depression of frequency produced by 5 mM 
MgCl^ and that produced by 5 and 10 mM MgCl0. The lowest concentration used 
(l m-mole/l) appeared to depress miniature frequency 10-15$ less than higher 
concentrations, at all the calcium concentrations tested. Thehighest 
magnesium concentration tested (l5 m-moles/l) had much the same effect as
3 m-mole/l in 2 and 5 mM CaCl^ but was about 15$ more effective in solutions 
with reduced calcium.
Effect of Strontium and Barium. It might be thought that the action of 
calcium on miniature potential frequency would be shared by the related 
elements of Group lib of the Periodic table - strontium andbarium. In the 
frog, although calcium is without effect on miniature potential frequency, 
barium and strontium have been reported to cause an acceleration of 
frequency, the effect of barium being more marked (del Castillo, personal 
communication to Boyd and Martin, 1956a).
In this investigation strontium, in a range of concentration from 
0.2 - 10 m-moles/l, was without effect on miniature potential frequency, in 
the seven experiments in which it was tested. When the calcium concentration 
of the bathing medium was reduced from the normal 2 mM to 0.5 mM however, 
strontium did accelerate miniature potential frequency in concentrations
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from 0.5 - 2.5 Ä .  In these experiments the frequency in strontium-containing 
solutions was about 16($> of the frequency in the absence of strontium.
This is roughly equivalent to the effect of 3 m-mole/l of calcium under 
comparable conditions. Higher concentrations (5 and 10 mM) of SrCl9 were 
without effect on miniature potential frequency even when tested in the 
absence of calcium.
Barium, in concentrations as low as 0.2 m-mole/l caused spontaneous
contractions of the diaphragm muscle (c.f. Fuhner, 1926; Feng 1937; Mullins,
1959/, which couldbe prevented if 12 mM MgCl0 was added to the bathing
solution. In the presence of this amount of magnesium, 1 mM BaCl0 increased
miniature potential frequency some 30/. Higher concentrations (5 and 10 mM)
produced no statistically significant effects on miniature potential
frequency. After 10-15 minutes exposure to these concentrations there was a
profound fall in muscle fibre resting potentials. In one experiment in which
this point was investigated specifically, the average resting potential of
15 muscle fibres selected at random was 68.9 - 5.4 mV before the exhibition
of barium, 40.4 - 8.0 mV one hour after 10 mM BaCl9 had been added to the
bathing solution, and had only recovered to 54.4 - 7.2 mV one hour after
the return to a normal solution. In similar experiments, 10 mM MgClQ and
SrCl9 were without significant effect on muscle fibre resting potentials.
Effect of potassium. The effects of magnesium and calcium on miniature
potential frequency described in the preceding sections are considerably
smaller than the effects of similar concentration of these ions on endplate
potential amplitude (del Castillo and Engbaek, 1954; del Castillo and Stark,
increased
1952). It is known however, that miniature potential frequency is greatlyA
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by depolarisation of the nerve terminals. If the actions of calcium and 
magnesium were similarly potentiated during the large depolarisation of 
nerve terminals brought about by a nerve impulse, the discrepancy might be 
explained. Raising the potassium concentration of the external medium, and 
thus producing a stable depolarisation of nerve terminals (Liley 1956c) is 
a convenient way of testing this hypothesis.
The interaction of potassium and magnesium was explored by examining 
the effect of 3 mM MgCl^ on miniature potential frequency in the presence 
of 1 - 20 m-moles/l of potassium (Fig. 33). Potassium would be expected 
to depolarise the nerve terminals appreciably only at concentrations of 
10 m-mole/l or above (Liley, 1956c) and in conformity with this there was 
statistically no significant difference between the depressions of frequency 
in 0 and 5 mM KC1. The depressions of miniature potential frequency produced 
in the presence of 10, 15 and 20 mM KC1 were progressively much larger than 
the depression in the presence of 5 mM KC1 suggesting that the action of 
magnesium was indeed dependent on the level of depolarisation of the nerve 
terminals.
The accelerating action of calcium on miniature potential frequency 
should on this hypothesis also be potentiated in the presence of increased 
concentrations of potassium. To test this possibility the interaction of 
calcium and potassium was then explored but in a slightly different way.
The potassium concentration was kept constant throughout the series of 
experiments, at 20 m-moles/l, and the effect of 2,5, and 10 mM CaCl^ compared 
with the effects of a solution containing no calcium but 1 mM E.D.T.A.
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In the experiment illustrated (Table VII) andin five others of 
the same type, there was no doubt that in the absence of calcium, the 
effect of potassium on miniature potential frequency was greatly reduced.
When calcium was introduced the acceleration of frequency was rapid and 
usually completed within 2-4 minutes of changing solutions. However there 
was equally no doubt that the maximum frequency attained was independent 
of calcium concentration (Table VIII).
The possibility was then considered that the increase in miniature 
potential frequency produced by 20 mM KC1 was so large that an effect of 
calcium concentration on frequency would be masked. The experiments were 
therefore repeated using 10 mM KC1, by both paired and randomised methods, 
with the same result. In the experiment illustrated (Table IX), the 
acceleration of frequency produced by 10 mM KC1 was not significantly altered 
when the calcium concentration was raised from 2 m-mole/l to 10 m-mole/l 
(Table IX, sequence 2, 4 ).
It is clear that the accelerating action of calcium on miniature 
potential frequency found in the presence of 5 mM KC1 is not potentiated 
when the potassium concentration is increased to 10 or 20 m-mole/l. The 
presence of some calcium is however essential for the accelerating effect 
of potassium on miniature potential frequency.
Effect of osmotic pressure. Furshpan (1956) has shown that miniature 
potential frequency at the frog neuromuscular junction is very sensitive to 
changes in osmotic pressure and this sensititivity is not affected by the 
presence of magnesium. In the present investigation an osmotic pressure
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difference between control and test solutions of up to 5 did not affect 
miniature potential frequency nor the depression of miniature potential 
frequency by magnesium. Some experiments were done with solutions made 
hyperosmotic by adding 10 mM MgCl^ without any withdrawal of NaCl in 
compensation. As expected there was a balance of two effects (Table X), 
the mean result at 37°C being neither an acceleration due to a 9$ 
hyperosmotic solution nor a depression by the magnesium. When the experiment 
was repeated at 52°C however, no osmotic stimulation was found, the 
magnesium depression of about 40$ being the same in a hyperosmotic medium 
as when there was no osmotic difference between solutions. Five 
experiments were done with magnesium in 9$ hypoosmotic solution. Here 
the effects of the two agents were additive, again indicating their 
independence.
DISCUSSION.
It appears likely that the depressive effect of magnesium on 
miniature potential frequency described here, was not found by Boyd and 
Martin (1956a) in the cat tenuissimus muscle, because they compared the 
effect of a solution containing 1.15 mM MgCl^ with one containing 9*37 
mM, all in thepresence of 2.46 mM CaCl0. The results of the present 
investigation (Fig. 29) indicate that there would be only a 10$ increase 
in depression in the higher magnesium concentration. Such a small 
difference would be difficult to detect if only a small number of junctions 
were examined. In fact, when solutions containing 1 mM Mg and 10 mM MgCl
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were compared (in the presence of 2 mM CaCl0) in the present investigation, 
no frequency change was found (mean ratio of frequencies at sixteen junctions 
10 mM/ 1 mM MgCl2 was 1.00 S.E. ± 0.10).
The failure of del Castillo and Katz (l954a) to find any effect of 
magnesium on miniature potential frequency in the frog, cannot be explained 
in the same way. These investigators compared the effect of solutions 
containing no magnesium and 16.2 mM MgC Irrespectively. In the present 
investigation such a change in concentrations would have reduced miniature 
potential frequency at least 45°/° (Fig. 29). It must therefore be presumed 
that this insensitivity to magnesium, like the similar insensitivity to 
calcium (Fatt and Katz, 1952) is an amphibian characteristic.
The acceleration of miniature potential frequency by calcium found 
in this study is of the same order as that described by Boyd and Martin 
(1956a) and Liley (l956d). As Boyd and Martin found there was great 
variability in the magnitude of the acceleration at different junctions with 
higher calcium concentrations (Fig. 30). Magnesium and calcium both 
penetrate cell membranes slowly (Engbaek, 1952; Gilbert I960; Flückiger and 
Keynes, 1955; Hodgkin and Keynes, 1957). The rapid actions oft miniature 
potential frequency described here are thus probably exerted at surface sites 
in the presynaptic membrane. Presumably, because of the reciprocal 
relationships that have been demonstrated for the concentrations of magnesium 
and calcium on miniature potential frequency (Figs. 29» 3Ö, 31,32), both ions
act at the same site.
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This conclusion of a surface action receives some support from 
the logarithmic relationship found between external calcium concentration and 
the rate of spontaneous release of transmitter (Fig. 30). A similar 
relationship exists between e.p.p. amplitude and calcium concentration over 
the range of concentrations explored in the present investigation (del 
Castillo and Stark, 1952; Jenkinson, 1957). A direct relationship exists 
between calcium influx and external calcium concentration in the squid axon 
(Hodgkin and Keynes, 1957). If the same relationship holds for mammalian 
nerves, the logarithmic relationship found in this study would exclude 
models of calcium action depending on diffusion of calcium into the terminals 
with e.g. breakup of vesicles and discharge of transmitter in proportion to 
calcium entry, as Hodgkin and Keynes (1957) suggest. A logarithmic relation­
ship is however cornpativlf with diffusion of calcium into surface receptor 
sites, with subsequent secondary reactions causing transmitter release 
(Ogston - personal communication).
The suggestion of Boyd and Martin (1956a), that all the Group II 
elements (the alkaline earths) might tend to produce an increase in miniature 
potential frequency, the effect increasing with series number, is clearly 
mistaken. Magnesium depresses frequency, calcium accelerates while strontium 
is acceleratory only in the partial absence of calcium. It is known that 
strontium can replace calcium in its action on the frog heart (Overton, 1904) 
and can partly relieve the blocking action of magnesium on neuromuscular 
transmission. (Boeles et al, 1958). It is surprising therefore, that
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added strontium is not as effective as added calcium in accelerating miniature 
frequency. The effect of barium on miniature frequency is probably not 
produced in the same way as the action of calcium. Barium depolarizes
thesis). The blocking of barium-induced muscle contractions by magnesium, 
can be explained by the blocking of the effect of depolarisation on 
transmitter release, that is caused by this ion (del Castillo and Katz, 1954cL; 
Liley, 1956c). The increase in miniature potential frequency produced by 
barium is probably thus due to depolarisation of nerve terminals.
revealed in the interaction of calcium and magnesium. Jenkinson (1957) has 
elegently shown that the action of these ions on the frog endplate potential 
can be explained as a competition for the same receptors, the magnesium 
form of the complex being inert in the transmitter release process. A 
similar explanation can be given for the relief of the magnesium depression 
of miniature potential frequency by increased calcium concentrations that 
has been found in this investigation. This simple theory cannot account 
for the finding that reducing calcium concentrations below the normal 
2 m*:nole/l also counteracts the magnesium effect. (Figs. 29,52). An 
explanation is possible if it is assumed that calcium is not essential for 
a fraction ofthe spontaneous release; thus this fraction cannot be inhibited 
by magnesium. If this were so, this fraction wouldbe a larger proportion 
of the total release as the calcium concentration was lowered and the action
nerve fibres (Lorente de No and Feng, 1946) as it does muscle (PtII- this
Further information about the transmitter release mechanism is
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of a given amount of magnesium would accordingly appear less. This idea 
receives some support from failure to abolish the miniature potential discharge 
by the use of solutions containing high concentrations of E.D.T.A. and no 
added calcium. Further the limitation of the maximum depression of miniature 
potential frequency found to only 40 - 45°f° of the frequency in a magnesium- 
free solution, suggests that under such conditions this is the fraction of 
the discharge regulated by the calcium-magnesium interaction. No attempt 
was made in these experiments completely to exclude all sources of calcium, 
and it is of course possible that traces remained and were sufficient to 
allow miniature potential release. The assumption of release sites not 
requiring calcium and therefore insensitive to feiagnesium, is also supported 
by the observation that wide variations in the concentrations of calcium and 
magnesium failed to produce a depression larger than that found at physiological 
levels. This idea also neatly explains the complete suppression of the 
endplate potential by high magnesium concentrations, while miniature 
potentials remain. These latter would be examples of the calcium-independent 
system. The accelerating effect of stretch on miniature potential frequency 
(Hutter and Trautwein, 1956} which is not opposed by magnesium could also 
be an example of an agent specifically increasing the number of calcium - 
independent release sites.
Previous schema of transmitter release have postulated that 
depolarisation whether caused by nerve impulses, applied current or raised 
potassium concentrations, was the direct stimulus to the release of quanta 
of transmitter from nerve terminals (Liley, 1956b; Katz, 1958). The 
presence of calcium was known to be essential for this process (del Castillo
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and Katz, 1954d; Liley, 1956c) and it had been found that the e.p.p. 
increased in amplitude with increasing calcium concentrations, this action 
being opposed by magnesium (del Castillo and Stark, 1952; del Castillo and 
Sngbaek, 1954; Jenkinson, 1957). As calcium and magnesium were thought 
to have no effect on miniature frequency, it was concluded that the 
effects- of magnesium and calcium could not be exerted directly on the quantal 
release mechanism, but must in some way regulate the action of depolarisation. 
(Eccles 1957).
The need for this indirect hypothesis, is now removed, in the rat 
at least, with the discovery of a direct action of calcium and magnesium on 
a fraction of the quantal release process.
Magnesium appears to inhibit not only the effect of depolarisation 
but also the direct action of calcium. If allowance is made for the 
postulated calcium-independent release sites there is no discrepancy between 
the effects of magnesium on miniature potential frequency and on e.p.p. 
amplitude.
On the other hand, whereas miniature potential frequency increased 
some 65a/o for a tenfold change in calcium concentration, the e.p.p. amplitude 
in the frog increases 30C-50C£'o for the same calcium change (del Castillo and 
Stark, 1952). Depolarisation of nerve terminals by raising the potassium 
concentration in the investigation did not increase the action of calcium 
on miniature potential frequency and indeed abolished the difference between 
calcium concentrations in their effect on miniature potential frequency. 
(Tables VII, VIII, IX).
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It is of course possible that the depolarisation produced by 
potassium differs in some way from that produced by nerve impulses. It is 
known for instance, that depolarisation by potassium ions has much less 
effect on calcium influx into squid axons, than does nerve stimulation 
(Hodgkin and Keynes, 1957). Another explanation is suggested by the 
experiments of Oomura and Tomita (i960). These workers found that the 
intensity of the active current at the voltage-clamped small nerve 
neuromuscular junctions of the frog, was not altered by raising the calcium 
concentration of the external medium. At the same time however the magnitude 
of the e.p.p. was increased. This stongly suggests that the action of calcium 
in this case was post-synaptic. No quantititive details are given in Oomura 
and Tomita*s report so that it is difficult to assess the exact significance 
of their finding, but if calcium acts in this way at other junctions, the 
smallness of the direct action of calcium on spontaneous transmitter release 
may be explained.
As Furshpan (1956) found in the frog, so also in this investigation 
the presence of magnesium did not interfere with the effect of osmotic pressure 
on miniature potential frequency. Magnesium and osmotic pressure appeared 
independent agents summing their actions on frequency in hypo-osmotic 
solutions and acting in opposite directions in hyper -osmotic fluids. The 
almost complete disappearance of an osmotic effect at 32°C was unexpected. 
Preliminary experiments indicate that over the range 52" - 40°C the 
acceleratory effect of osmotic pressure on miniature potential frequency has 
a large temperature coefficient, which may point to interference with some
active membrane process.
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Recently there has been a revival of interest in the clinical 
syndrome accompanying low plasma magnesium, usually in the presence of 
normal calcium levels (Vallee et al, i960). The results of this investigation 
would lead to the expectation that this combination of concentrations would 
suppress the inhibition of spontaneous transmitter release that is present 
at normal magnesium and calcium levels. The neuromuscular hyperexcitability 
found in this condition may thus be caused in part by hyperactivity of the 
transmitter release mechanism.
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GENERAL DISCUSSION
Several reviews in recent years have dealt with the release of 
transmitter from nerve endings (Fattj 1954; del Castillo and Katz, 1956; 
Eccles, 1957; Birks and Macintosh, 1957; Katz, 1958, Macintosh, 1959). 
Eccles, (l957) has summarised the factors involved in a diagram, here 
reproduced in a shortened form
P.A.P*
Action of intensification
nerve impulses 
1 catelectrotonus 
\  \ excess K+ ionsV V v
DEPOLARISATION^  <Action of intensification {
(
QUANTAL RELEASE OF ACh
blocked by botulinum toxin1
depressed by:- 
excess Mg 
deficient Ca
The results of the present investigation suggest that a more 
detailed interpretation of the action of the factors involved in transmitter 
release can now be given, based on the life cycle of a vesicle of 
transmitter in the presynaptic terminals.
This may be described as
(I) Production by or from a mitochondrion at a Iocms distant from the 
presynaptic membrane.
(II) Migration from the region of production to the region of release.
Here it is'available" for release.
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(ill) Release by collision of the sterically related surfaces of vesicle 
and special receptor molecule in the presynaptic membrane. These 
receptors may further be classified as calcium-dependent and 
calcium-independent (Part 11 - this thesis).
1. Factors affecting production of transmitter
Two factors which depress ACh production have been investigated in 
some detail - glucose deprivation and the drugs of the hemicholinium group 
(Scheuler, 1955), One of these, known as HC-3, is a potent inhibitor of 
ACh synthesis (Macintosh, et al, 1956).
Such factors wouldnot be expected to affect resting miniature 
potential frequency in short term experiments, as this would depend on the 
amount of available transmitter and the state of the release mechanism. 
Response to stimulation should also be normal until the store of preformed 
vesicles began to run out. Depression of both miniature potential frequency 
and e.p.p. amplitude should then appear. This sequence of events has been 
described for the effects of glucose deprivation (Jeffries, 1955; Liley, 
1956d). The action of HC-3 also falls into this pattern as Desmedt (1958) 
lias shown. He found that it was possible at cat neuromuscular junctions, with 
suitable rates and durations of stimulation, to obtain normal P.A.P. but 
this was terminated abruptly by depression. Presumably depression occurred 
as the store of performed transmitter ran out. This experiment has two 
interesting implications. Firstly P.A.P. cannot be due to any direct effect 
on the manufacture of ACh. Secondly the response of myasthenic muscle to 
stimulation is of the same type, suggesting that interference with ACh
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manufacture is the basic lesion in this disease (Desmedt, 1958).
II. Factors affecting availability of transmitter.
It has been suggested (Sccles, 1957; Pt. I - this thesis) that a 
mobilising effect of nerve impulses can increase the amount of available 
transmitter, and thus increase miniature potential frequency and the number 
of quanta released by nerve impulses. This suggestion fits well with the 
surface locus postulated for the effect of calcium and magnesium on 
transmitter release (Pt. II - this thesis). As Liley (1956b) found, P.A.P. 
would then be unaffected by variation in the external concentrations of these 
ions.
III. Factors increasing the number of release sites.
(a) Calcium dependent.
Depolarisation of nerve terminals whatever the cause, is a potent 
stimulus to transmitter release. Wherever it has been tested however, it 
has been found that this action cannot take place in the absence of calcium 
(Harvey and Macintosh, 1940; del Castillo and Stark, 1952; del Castillo 
and Katz, 1954d; Liley, 1956c; Pt. II - this thesis). Thus the main channel 
of transmitter release is calcium dependent. As the actions of calcium 
and magnesium appear to be exerted at surface sites in the presynaptic 
membrane (Pt. II - this thesis), depolarisation must act by increasing the 
number of these calcium dependent sites. The miniature potential frequency 
increase which follows an increase in the external calcium concentration 
(Pt. II - this thesis), is presumably due to a direct increase in the number
of these sites, by calcium action.
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(b) Calcium independent.
In the present investigation some 6C$ of spontaneous release of 
transmitter took place through such sites (Pt. II). Since in the frog 
spontaneous discharge is unaffected by variations in external calcium and 
magnesium concentrations (Patt and Katz, 1952; del Castillo and Katz, 1954a), 
all spontaneous release may take place through such sites. The action of 
stretch in increasing liberation of transmitter, both spontaneously and to 
nerve impulses, may be an example of an increase in calcium-independent 
sites. This action was independent of the action of calcium on transmitter 
release and was not blocked by high magnesium concentration in the bathing 
medium. (Hutter and Trautwein, 1956). Tentatively, the increase in 
miniature potential frequency following damage to nerve terminals (Liiey,
19' 6a) and the increase in both forms of transmitter release following 
the application of ultrasound to the neuromuscular junction (Higaslt.no, 1959) 
may also be ascribed to an increase in calcium independent sites. The 
'giant' potentials of Liiey (1957), the frequency of which is uninfluenced 
by calcium or magnesium concentration, depolarisation, or P.A.P. are another 
possible example of calcium independent release. The insensitivity to 
P.A.P. may be due to the greater size and consequently slower diffusion of 
the quanta or giant vesicles that are presumably responsible for the 
'giant' potentials. It may be inferred from the experiment of del Castillo 
and Katz (1955) in which miniature potentials were recorded at a relatively 
slow rate, despite complete immersion of the preparation in isotonic K,pSO^  
with added calcium, that calcium independent sites are not markedly 
increased in number by depolarisation.
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IV. Factors decreasing the number of release sites.
The action of magnesium on transmitter release can "be adequately 
explained as a competition with calcium for specific sites in the 
presynaptic membrane (Pt. II - this thesis), i.e. magnesium is a specific 
blocking agent for calcium dependent release sites. Botulinum toxin on 
the other hand stops all transmitter release (Brooks, 1956), but can be 
partly counteracted by damage to nerve terminals or increased external 
calcium concentrations (Thesleff, I960). It must therefore block both 
types of release sites.
The arguement thus far is summarised in the following diagram:-
lianufactw**-'
ACh
(glucose
ThG3
migration
nerve ___
impulses
quantal Multiquantal
units i units
> - ~ -- / 'S.
increased
(depolarisation
(calcium
decreased 
magnesium 
botulinum toxin
Release
Calcium
dependent
Jk
Calcium
independent ncreased (stretch 
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Given adequate available transmitter, this model would predict that 
changes in miniature potential frequency and e.p.p. amplitude should occur 
in parallel. Such a relationship was also predicted by Liley (1956c) as a 
consequence of his hypothesis that liberation of quanta of transmitter by 
an impulse is simply the random release of quanta accelerated by depolarisation. 
Parallel changes in both forms of transmitter release have been found at 
the magnesium-treated neuromuscular junction (Liley, 1956c), and for the 
effects of stretch (Hutter and Trautwein, 1956;, temperature (Takeuchi, 1958) 
raised external potassium concentration (Liley, 1956c, d), glucose lack 
(Liley, 1956d), ultrasound (Higishino 1959) and botulinum toxin (Brooks,
1956). Previous objections to this relationship based on the finding (in 
the frog) that magnesium was without effect on miniature potential 
frequency (del Castillo and Katz, 1954a,b) are removed by the results of 
this investigation, so that magnesium and calcium may now be added to the 
list of factors affecting both types of release. Repetitive activation 
may also be added to this list, without reservation in the case of the 
magnesium-treated preparation, but with allowance for the lack of available 
transmitter in the curarised preparation.
What is not explained by the hypothesis presented is the reason why 
some factors, e.g. P.A.P. and calcium, affect one form of transmitter 
release more than another. Thus in the case of P.A.P. spontaneous release 
is increased some twofold before any increase in the effect of nerve impulses 
is found, (pt. I (ii)). A similar discrepancy, in the opposite direction 
is found in the action of calcium on e.p.p. amplitude and miniature
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potential frequency. (Pt. II - this thesis). Part of the answer may lie 
in the inability of present experimental methods of depolarisation to mimic 
accurately the effect of nerve impulses. The nerve impulse is unique 
not only in the size and rapid onset and decline of the depolarisation 
it produces, but also in the special sodium and potassium permeability 
changes which accompany the depolarisation.
90.
CONCLUSIONS AND SUI-ImARY
After one nerve impulse at the neuromuscular junction there is a 
facilitation of spontaneous transmitter release for some 200 msec.
Repetitive nerve impulses at a frequency greater than 10/sec initiate 
increasing facilitation of spontaneous release of a magnitude and duration 
depending solely on the frequency and duration of stimulation. No depression 
of miniature potential frequency after repetitive stimulation was ever 
found (Part I (i), (ii)).
In the magnesium-treated preparation similar facilitatory changes 
could be detected in e.p.p. amplitude during and after stimulation if the 
concurrent miniature potential frequency was increased about twofold.
With the exception of some depression after high frequency stimulation of 
long duration, repetitive activity was again uniformly facilitatory. This 
facilitation has the same frequency dependent characteristics as the facili­
tation of miniature potential frequency (Part I (i), (ii)).
At the curarised neuromuscular junction three phases of 
facilitation of transmitter release could be detected. These were;
(i) a 200 msec period of relative potentiation after 
one impulse
(ii) an early form of potentiation with a maximum at
100 msec after 10-100 nerve impulses at a frequency 
of 200/sec or more.
(iii) a later form of potentiation appearing after the same 
stimulation which initiated the early form but
developing some 500 msec after stimulation and
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becoming later in onset, greater in magnitude and 
longer in duration, as the frequency and duration 
of stimulation increased.
If allowance is made for the depletion of available transmitter in 
the nerve terminals, it may be concluded that repetitive stimulation 
always facilitates the release of transmitter either spontaneously or by 
nerve impulses (Pt I. (iii)).
Similar frequency-dependent facilitation to that described is found 
at other types of junctional region e.g. motoneuronal, interneuronal and 
ganglionic; as well as at neuromuscular junctions in many species. 
Facilitation of transmitter release by nerve impulses may thus be a 
property of all chemically transmitting synapses (Part I i, iii).
The action of calcium and magnesium on e.p.p. amplitude is 
paralleled by a similar action, of lesser magnitude, on miniature potential 
frequency. This action appears to be exerted at surface sites in the 
presynaptic terminals. The effect of magnesium can be explained as a 
competition with calcium. To explain fully the interaction of calcium 
and magnesium, however, it is necessary to postulate that transmitter 
release may take place independently of the presence of calcium. This 
postulate is useful in explaining discrepancies in the action of other 
factors on transmitter release (Part II).
It is further suggested that many factors affecting transmitter 
release do so by modifying the properties of the presynaptic membrane in 
such a way as to vary the number of active transmitter release sites.
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TABLE I
Composition of solution 
mM
Na+ 149.8
K+ 5.0
Ca++ 2.0
TVTMg
used for isolated tissues.
mM
Cl' 147.8
H2PV 1.0
HC0~ 12.0
1.0 Glucose 11.0
TABLE II.
Recruitment of quanta during facilitation.
Quantal content of 1st and 2nd responses (N^ and N^) is estimated by 
equation (l) in column A and by equation (2) in column B. If facilitation 
is entirely due to increase in number of quanta then in each experiment 
A?-A^ = B^ -B-j . Number of impulses in each experiment given in brackets.
N1K2
interval
Expt msec A B 1-1CVJ B2-Bl
1 (339) 6.3 (1.62
(2.30
(1.62
(2.20 0.68 0.58
2 (373) 5.5 (1.43
(1.92
(1.09
(1.59 0.49 0.50
3 (342) 4.1 (0.78
(1.12
(0.65
(1.05 0.34 0.40
4 (317) 3.25 (0.76
(1.17
(0.56
(l.OO 0.41 0.44
TABLE III.
Comparison of total and selected (N^=0) responses to N^. 
(Number of responses shovm in brackets)
Means of all responses Mean of selected
(n 1=o )
responses
Expt mV VNi mV nA
1 0.505 (575) 1.34 0.52 (125) 1.38
2 0.510 (515) 1.50 0.51 (145) 1.51
3 0.510 (542) 1.47 0.50 (179) 1.42
4 0.245 (517) 1.54 0.25 (181) 1.56
Mean 1.46 1.47
TABLE IV.
Occurrence of double failures of e.p.p. response to paired 
impulses.
N : number of paired impulses. F^ and F^ : observed number of
failures to and N^, respectively.
F : observed number of 'double failures'. The last column shows1 & 2
the number of double failures to be expected by chance coincidence.
Observed Calculated
Expt N Fi P2 F1 & 2 F^xFj/N
1 373 125 76 24 25
2 315 143 79 35 36
3 342 179 120 63 63
4 317 181 117 66 67
Total 1347 628 392 188 m
TABLE IV
Occurrence of double failures of e.p.p. response to 
paired impulses.
N: number of paired impulses. F^ and F^ : observed number of
failures to and N^, respectively.
F : observed number of 'double failures'. The last column shows1 & 2
the number of double failures to be expected by chance coincidence.
Expt, N
Observed
pi F2 F1 & 2
Calculated
FxxF2/N
1 373 125 76 24 25
2 315 143 79 35 36
3 342 179 120 63 63
4 317 181 117 66 67
Total 1347 628 392 188 m
TABLE V.
Comparison of total and selected (^=0) responses to Nn
Expt
A,Mean all N 
mV
B.Mean selected 
mV
b/a
1 0.38 (373) 0.43 ( 76) 1.14
2 0.20 (315) 0.22 ( 79) 1.06
3 0.21 (342) 0.20 (120) 0.96
4 0.16 (317) 0.17 (117) 1.05
MEAN 0.24 (1347) 0.24 (392) 1.00
TABLE VI.
Effect of Mg on frequency of spontaneous miniature potentials. 
Measurements were made in solution with no added MgCl^A) and in solution 
containing 3 mM MgCl^ (b ). CaCl^ 2 mM throughout.
Discharge rates (per sec) Frequency Ratio
Expt A B A b/a
1 3.68 1.89 2.64 0.599
2 1.04 1.02 2.39 0.591
3 2.13 1.76 2.46 0.764
4 1.78 1.36 1.80 0.760
5 10.94 4.40 2.47 0.655
6 6.38 4.54 7.55 0.651
7 4.32 2.55 4.50 0.577
8 3.25 1.18 2.62 0.402
9 7.88 5.69 7.93 0.719
10 7.82 2.51 7.91 0.319
11 6.12 1.72 5.65 0.292
Mean and S.E. 0.58 + 0.05
°/o depression of frequency (lOO - 58) 42 ± 5$
TABLE V II.
E ffe c t o f Ca on frequency of spontaneous m in ia tu re  p o te n t ia l s  
in  presence o f 20 mM KC1. Measurements were made in  so lu tio n  w ith  no 
added CaCl^ but 1 mM E.D.T.A. (a ) and in  so lu tio n  co n ta in in g  2 mM CaCl^ 
(b ) .  MgCl^ 1 mM throughou t.
D ischarge r a te s  (per sec) Frequency R atio
Expt A B A b/ a
1 3.60 1426.7 2.54 464.6
2 9.39 457.9 - 48 .8
3 5.70 1206.6 7 .5 182.5
4 9.09 1308.8 5 .7 177.0
5 3.99 1205.75 4.61 280.6
6 3.31 1275.4 4 .1 334.6
7 8.11 1069.8 3.45 184.8
8 7.12 904.5 2.66 185.0
232 1 44Mean and S .E .
TABLE VIII.
Effect of variation of calcium concentration upon maximum 
frequency of miniature potentials in solution containing 20 mM KOI. 
The number of junctions explored is in brackets.
Ca concentration 
mM
Mean frequency ± 1 S.E.
2 1107 t 102 ( 8)
5 1058 t 46 (10)
10 1123 t 115 (ll)
TABLE IX.
Effect of variation of calcium and potassium concentration upon 
miniature potential frequency. The preparation was allowed to equilibrate 
for 30 minutes in a given solution and then miniature potential frequencies 
were sampled at 13-20 junctions selected at random. T.37°C. Mg. 1 mM 
throughout.
Sequence Composition of bathing Average frequency 1 1 S.E.
solution of miniature potentials.
Number of junctions in
brackets.
1 Control (2 mM Ca, 5 mM K) 10.45 + 1.72 (18)
2 2 mM Ca, 10 mM K 42.6 + 7.4 (18)
3 Control 9.3 + 1.25 (20)
4 10 mM Ca, 10 mM K 45.7 + 6.1 (20)
5 Control 8.8 + 1.3 (13)
TABLE X,
The effect of 10 mM MgCl^ on miniature frequency in the 
presence and absence of osmotic compensation. Each set of figures 
represents one or more preparations. The number of junctions explored 
is in brackets.
Mean depression of frequency % ± 1 S.E.
Temp. °C Compensated Uncompensated
37 59 1 5 (25) 2 i ii (12)
32 40 i 5 (12) 41 t 5 (12)
*  L I B R A R Y  p
Er W*
Pig.I. Diagram showing the recording chamber, with the phrenic nerve on 
stimulating electrodes on the left, and a portion of the diaphragm cn the 
right. The muscle lies on a perspex platform and its rib and tendinous 
attachments (sloping lines) are pinned to balsa wood strips (stippled). 
Arrows indicate inflow and removal (by suction) of the aerated solution. 
Baffles separate fluid entry and exit areas from main compartment.
I msec
Fig. 2. Transmitter output per impulse during repetitive stimulation. 
Figure shows superposed e.p.p.s during plateau phase of tetanus at stated 
frequencies.
Neuromuscular transmission blocked by
-5left, curare 1. 10 M, Ca 0.5 mM 
middle, Mg 12.1 mM
-5curare 1. 10 M.right,
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Fig. 3* Transmitter output per impulse during repetitive stimulation 
Upper graph.- Mg 12.1 mM
-5Lower graph: curare 1 x 1.10 M.
Each set of results is from a different preparation but is typical of 
results obtained at many junctions.
Ordinate. Ratio average e.p.p. amplitude during the plateau phase of response 
to tetanic stimulation, to e.p.p. amplitude at O.l/sec stimulation.
Abscissa. Frequency of stimulation on logarithmic scale.
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Fig. 4. Increase in transmitter output with increasing frequency of 
stimulation. Based on same results as preceding graph.
Ordinate. Output of transmitter/sec, calculated by multiplying frequency of 
stimulation by size of average e.p.p. (mV) at that frequency.
Abscissa. Frequency of stimulation. Note that both scales are logarithmic.
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Fig. 5. Miniature potential frequency before, during and after a tetanus. 
All results from the same neuromuscular junction. Mg 12 mM. Tetanus at 
50/sec for duration given by black bar.
Ordinate. Frequency of miniature potentials per second. Circles represent 
average frequency for period between given circle and the one preceding it. 
Before and after tetanus, open circles with dots; during tetanus, filled 
circles.
Abscissa. Time in seconds. Scale common to all components of figure.
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Pig. 6. Effect of frequency of stimulation on transmitter release at a 
neuronal synapse. Results obtained by intracellular recording from a cell 
of origin of the ventral spinocerebellar tract (V.S.C.T.), in the cat spinal 
cord. Figure shows superposed excitatory postsynaptic potentials during 
plateau phase of response to repetitive stimulation, at stated frequency, 
of the group I afferent fibres of the biceps-semitendinosus nerve.
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Fig. 7. Results of similar experiment to that illustrated in figure 6 
plotted to show frequency dependence of transmitter release at synapses on 
V.S.G.T. cells.
Ordinate. Size of average e.p.s.p. response during tetanus in arbitrary 
units.
Abscissa. Frequency of stimulation. Log. scale.
Fig. 8. Increasing potentiation of miniature potential frequency as the 
number of conditioning volleys increases. Stimulus frequency was 200/sec. 
All results from the same preparation. Mg 12 mM.38°C.
Ordinates. Ratio of post-tetanic probability of miniature potentials to 
pretetanic control probability. Length of bars represents period over which 
probability calculated.
Abscissa. Time after stimulation (msec).
Inset. Potentiation of miniature p/otential frequency after 1 conditioning
volley, on expanded ordinate and abscissal scales.
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Fig. 9* Increasing potentiation of a testing e.p.p. response as the number 
of conditioning volleys increases, at a magnesium blocked neuromuscular 
junction. Tetanus was at 200/sec for stated number of volleys. All these 
results are from the same preparation. Except in the lowest graph(20 volleys) 
where one observation sufficed, each point represents the mean of 13 - 20 
observations. Mg 12.5 mM. 38°C.
Ordinate. Ratio of testing e.p.p. size to unconditioned control size. Note 
increased scale in upper graph (one volley).
Abscissa. Interval between tetanus and testing volley.
MSEC
Fig. 10. Time course of P.A.P. of miniature potential frequency after 40 
volleys at 200/sec. Potentiation outlasts the period of observation (500 msec). 
Same preparation and same method of derivation and plotting as preceding
figure.
100 msec
Fig. 11. Examples of postactivation potentiation of e.p.p. amplitude and 
miniature frequency recorded together from magnesium blocked neuromuscular 
junctions. Stimuli at one second intervals.
Left. From below upward miniature frequency and e.p.p. amplitude for the 
two seconds before and three seconds after stimulation for 4 seconds at 
40/sec. No P.A.P.
Middle. As left, but stimulus frequency 400/sec. Note marked P.A.P. of 
e.p.p. (and miniature potential frequency) compared with failure of response 
immediately before tetanus.
Right. End of tetanic stimulation at 320/sec for 10 seconds. Note inter­
mittent failure of response during the tetanus, possibly ii synaptic
blockage of impulses.
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Fig. 12. Effect of tetanus for seven seconds at stated frequency, on 
miniature potential frequency and endplate potential size, recorded 
simultaneously in the same fibre. Mg 12 mM. 37C.
Ordinate. Ratio postactivation frequency (or endplate size) to control. 
Abscissa. Time scale common to all graphs.
Each dot represents average of miniature frequency (or endplate size) over 
period between it and its predecessor.
Bracket at end of abscissae mark -  2 S.E. of pretetanic frequency (or 
endplate potential size).
Fig. 13. P.A.P. of miniature potential frequency and e.p.p. amplitude 
following a conditioning tetanus of 0.7 sec duration, and frequency as stated 
on graph. In each case, upper histogram represents miniature potential 
frequency and lower histogram e.p.p. amplitude. Each pair were obtained 
simultaneously at the same neuromuscular junction. Same preparation for 
all observations. Mg 12 mM. T 38°C.
Ordinate. Ratio of postetanic frequency (or amplitude) to pretetanic control 
value. Length of bars indicates period over which miniature potential 
frequency or e.p.p. responses (elicited every second) were averaged.
Abscissa. Time in seconds after tetanus.
Dotted line at 1.0 indicates tetanic average. Dotted line at 2, to 
indicate failure of e.p.p. potentiation as miniature potential frequency 
falls below twice pretetanic average frequency. Note no e.p.p. potentiation 
after tetanus at 40/sec.
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Fig.14. P.A.P. of miniature potential frequency and e.p.p. amplitude in the 
same muscle fibre, after tetanus at stated frequency for seven seconds.
Each pair from the same neuromuscular junction. Same preparation for all 
results. Same conventions as preceding figure.
Ordinate. Ratio of post tetanic frequency (or amplitude) to pretetanic average. 
Abscissa. Time in seconds after tetanus.
Note delay in reaching peak of e.p.p. potentiation.
Fig. 15. Examples of post tetanic depression at magnesium blocked 
neuromuscular junctions.
All figures read from below upwards.
Left. E.p.p. (elicited at one second intervals) and miniature potentials 
in the 2 seconds before and 3 seconds immediately after a tetanus for 7 
seconds at 80/sec. Note comparitively large pretetanic e.p.p.s and delay 
in appearance of P.A.P.
Middle. As left, but 10 seconds at 80/sec. Note large pretetanic e.p.p* 
and marked post tetanic depression and later potentiation.
Right. 7 seconds at 100/sec. Note small pretetanic e.p.p. and immediate
P.A.P.
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Pig. 16. Frequency dependence of the relative increase in miniature 
potential frequency after tetani of varying numbers of impulses at 50,
100 and 200/sec.
Ordinate. Average frequency in first two post-tetanic seconds compared with 
pretetanic average frequency.
Abscissa. Number of stimuli. There were no failures to respond during 
these tetani.
Results at a given frequency are from the same neuromuscular junction. All 
results from the same preparation. Mg 12.5 mM, T 37°C.
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Fig.17. P.A.P. of miniature potential frequency following increasing 
numbers of stimuli at the same frequency (200/sec). Numbers of 
stimulating volleys, from above down: 2000, 1400, 400, 80.
Ordinate. Ratio of post-tetanic frequency to control frequency. Length 
of bars represents period over which frequency was averaged.
Abscissa. Note break in scale after 40 seconds, to allow slowly declining 
tail of potentiation to be shown in full.
Inset. P.A.P. of miniature potential frequency following stimulation at 
40/sec for 400 volleys (upper) and 80 volleys (lower).
Ordinate and Abscissal scales as main graph.
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Pig. 18. Effect of number of stimulating volleys on duration of P.A.P. 
of miniature potential frequency. Frequencies shown as points placed in middle 
of period over which frequency is averaged.
Ordinate. Ratio of post-tetanic frequency to pretetanic average frequency. 
Abscissa. Time in seconds after tetanic stimulation.
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Fig. 19. Variation in response to paired stimuli in solutions with high
omagnesium content. Stimulus interval 3*25 msec. Mg 17.5 mM. T. 37 C.
Six consecutive sweeps at one junction. Stimulus artefacts marked with 
arrows. Note failure of response to first stimulus in sweeps 1, 3, 5 and 
6 and extrinsic potentials from adjacent fibres, recorded during failure of 
response. Double failure to stimulation in sweep 6. Small potential 
in this sweep is a miniature potential.
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Pig. 20. Quantal content of successive members of the response to a short 
tetanus at the stated frequency.
Ordinate. Average quantal content of e.p.p. compared with first of series. 
Abscissa. Order of responses to tetanic stimuli.
Results are the average of 300-400 short tetanic responses. To 
make results at different frequencies and different junctions comparable, 
the quantal content of the first member of each series has been given the
value one, and later members scaled appropriately. For clarity, only the 
symbol for 50/sec stimulation has been placed at 1.0.
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Pig. 21. Potentiation of second e.p.p. at short intervals after first. 
Intracellular recording from curarised n.m.j. at 38°C.
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Fig. 22. Potentiation of second endplate potential at very short intervals 
after one conditioning volley. Curarised preparation at 38°C.
Ordinate. Size of testing endplate potential compared with unconditioned 
size. Each point represents the mean of three observations.
Abscissa. Time between volleys in milliseconds.
Results from three separate junctions are plotted with distinguishing 
symbols in order to illustrate the range of effects found. Upper and 
lower points represent extreme findings. Results from most junctions would
lie between middle and lower series.
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Fig. 23. The incrementing depression (submerged potentiation) following 
one (upper open circles), two (middle filled circles) and five (lower open 
circles) conditioning volleys at 200/sec. Curarised, 38°C.
Ordinate. Size of testing endplate potential compared with unconditioned 
size. Each point represents the average of three observations. All results 
from the same neuromuscular junction.
Abscissa. Interval between last conditioning volley and the testing volley
(milliseconds).
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Fig. 24. As fig.23 but at longer intervals to show the recovery from 
depression of the testing response. Upper curve after one conditioning 
volley, middle after two and lower after five. Curarised preparation at 
38°C. Conditioning frequency 200/sec.
Ordinate. Size of testing endplate potential compared with unconditioned 
size. Each point represents the average of three observations. All results 
are obtained from the same neuromuscular junction.
Abscissa. Interval between last conditioning volley and the testing volley
(seconds).
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Fig. 25. Recovery of amplitude of the response to a testing volley after one 
(upper line) and five (lower line) conditioning volleys at 200/sec plotted on 
logarithmic coordinates. These results were not obtained from the same 
junction as those shown in figures 23 and 24.
Ordinate. Size of testing endplate potential compared with unconditioned 
size. Each point represents the mean of three observations. Note logarithmic 
scale.
Abscissa. Interval between last conditioning volley and the testing volley
(seconds). Note logarithmic scale.
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Fig. 26a. Early postactivation potentiation. Note potentiation of testing 
e.p.p. response 100 msec after 20 stimulating volleys at 200/sec. The 
magnitude of the e.p.p. response to the testing volley in the 3rd trace, is equa 
to that of the control e.p.p. response (not shown). These results were
obtained for purposes of illustration only.
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Fig. 26b. Lower graph, early potentiation following ten (open circles), 
and twenty (filled circles) conditioning volleys at 200/sec. Upper graph 
shows well marked early and late potentiation at the same junction after 
fifty conditioning volleys at 200/sec. All results obtained from the same 
curarised junction at 38°C.
Ordinates. Size of testing endplate potential compared with unconditioned 
size. Each point represents the average of three observations.
Abscissa. Interval between testing volley and last conditioning volley
(seconds). Note change in scale between half and one second.
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Fig. 27. Effect of frequency of stimulation upon early P.A.P. of endplate 
potentials. Conditioning tetanus of 20 volleys at the stated frequency. 
All results are obtained from the same curarised neuromuscular junction at 
38°C.
Ordinate. Size of testing endplate potential compared with unconditioned 
size.
Abscissa. Interval between testing volley and last volley of tetanus
(seconds)
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Fig. 28. Post activation potentiation after conditioning tetani at 
stated frequency. Note delay in reaching peak of P.A.P. Duration of 
tetanus was 0.4 seconds (open circles) or 0.7 seconds (filled circles). 
Curarised preparation, 38°C. The series at 0.4 seconds were all obtained 
at the same neuromuscular junction. The series at 0.7 seconds were 
obtained from another junction in the same preparation.
Ordinate. Size of the testing endplate potential compared with unconditioned 
size.
Abscissa. Interval between testing volley and last volley of tetanus
(seconds).
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Influence of magnesium concentration upon miniature potential 
frequency.
Ordinate. Depression of miniature potential frequency as a percentage of 
frequency in a solution without magnesium.
Abscissa. Magnesium concentration in m-moles/l. Upper points obtained in 
absence of CaCl^, middle 1 mM CaCl^, lower in 2 mM CaCl^» Bars indicate 
1 S.E. of mean depression. Figures under points-give number of junctions
explored.
m-mole/l. Ca.
Fig.30. Influence of calcium concentration upon miniature potential frequency. 
Ordinate. Ratio of frequency of miniature potentials in calcium containing 
solution, to frequency in solution without calcium.
Abscissa. Calcium concentration in m-moles/l. Upper points (open circles) 
obtained in absence of MgCl^» middle (filled circles) 2 mM MgCl^, lower 
(open circles) 2 mM MgCl^. Bars indicate 1 S.E. of mean ratio of frequencies.
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Fig.31. Influence of magnesium concentration on the acceleration of 
miniature potential frequency by 2 m-mole/l calcium.
Ordinate. Ratio of frequency of miniature potentials in calcium containing 
solution to frequency in solution without calcium.
Abscissa. Magnesium concentration in m-moles/l.
Bars indicate -  1 S.E. of mean ratio of frequencies.
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Fig,32. Influence of calcium concentration on the depression of miniature 
potential frequency by 3 m-mole/l magnesium.
Ordinate. Depression of miniature potential frequency as percentage of 
frequency in a solution without magnesium.
Abscissa. Calcium concentration in m-moles/l.
Bars indicate ± 1 S.E. of mean depression.
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Fig.33. Influence of potassium concentration on the depression of 
miniature potential frequency by 3 m-mole/l magnesium.
Ordinate. Depression of miniature potential frequency as percentage of 
frequency in solution without magnesium.
Abscissa. Potassium concentration in m-moles/l.
Bars indicate ± 1 S.E. of mean depression.
